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Background 



Silverbrook's bilithic Mcmjet™ printhcads are the target printheads for printing systems 
which will be controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the 
their possible arrangements in the target systems. It also defines a set of terms used to dif- 
ferentiate between the types of printheads and the systems which use them. 



Currently, this document is only concerned with the structure of the printheads and their 
systems, with regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [1] for the complete description of the func- 
tionality of these devices. 

This document relies on certain definitions and details presented in Bilithic Printhead 
Specification [1]. 



It is intended that this document be used as a reference for engineers involved in the 
design work on the SoPEC and MoPEC projects. 



1.1 



Companion Documents 



1.2 



Readership 
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2 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead 
systems. These terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead used in a 
system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with 
the printhead shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left 
or the right of K + where K + is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement 

has to use a specific pairing of printheads, as discussed in Section 3. This gives 4 
pairs of printheads. However, because the paper can flow in either direction with 
respect to the printheads, there are a total of eight possible arrangements, e.g. 
Arrangement 1 has a Type 0 printhead on the left with respect to the paper flow, and 
a Type 1 printhead on the right. Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Cojor Q is always the first color plane encountered by the paper. 

• DotQ is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even p)ane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout ttiis document, where the various printheads and systems are pre- 
sented, the printheads always shoot ink down onto the page. 

Figure 1 shows the 8 different possible printhead types. Type 0 is identical to the Right 
Printhead presented in Figure 3 iii [1], and Type 1 is the same as the Left Printhead as 
defined in [1]. 
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While the printheads shown in Figure 1 look to be of equal width (having the same number 
of nozzles) it is important to remember that in a typical system, a pair of unequal sized 
printheads may be used 
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Figure 1. Printhead Types 0 to 7 

Table 1 defines the printhead pairing and location of the each printhead type, with respect 
to the flow of paper, for the 8 possible arrangements. 



Table 1. Definition of the different printhead arrangements 
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3 Bilithic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the 
physical footprint of the printheads mean that we must use a specific pairing of printheads 
together for printing on the same side of an A4 (or wider) page, e.g. we must always use a 
Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of print- 
heads, this document only presents two of them, Arrangement 1 and Arrangement 2, for 
purposes of illustration. These two arrangements are discussed in subsequent sections of 
this document. However, the other 6 possibilities also need to be considered. 

The main difference between the two printhead arrangements discussed in this document 
is the direction of the paper flow. Because of this, the dot data has to be loaded differently 
in Arrangement 1 compared to Arrangement 2, in order to render the page correctly. 
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3.1 Example 1 : Printhead Arrangement 1 

Figure 2 shows an Arrangement 1 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 
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Figure 2. Identification of printheads nozzJes and shfft-register sequences for 
printheads in Arrangement 1 
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Table 2 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 2. Order In which the even and odd dots are loaded for printhead Arrangement 
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Figure 3 shows how the dot data is demultiplexed within the printheads. 
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Figure 3. Demultiplexing of data within the printheads in Arrangement 1 

Figure 4 and Figure 5 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 1, to ensure that color 0-dot 0 appears on the left side of the printed 
page. 
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Figure 4. Signalling for a Type 0 printhead in Arrangement 1 



Figure 5. Signalling for a Type 1 printhead in Arrangement 1 
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3.2 Example 2: Printhead Arrangement 2 

Figure 6 shows an Arrangement 2 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type I printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 



The printheads are facing downwards. 
The ink is being shot down onto the page. 



Type 0 Printhead 



t ▼ 

Direction 
of Paper Flow 
V+ 



Type 1 Printhead 




Gnd 

Figure 6. Identification of printheads nozzles and shfft-register sequences for 
printheads in Arrangement 2 
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Table 3 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 3. Order in which the even and odd dots are loaded for printhead Arrangement 
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Figure 7 shows how the dot data is demultiplexed within the printheads. 
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Figure 7. Demultiplexing of data wfthm the printheads In Arrangement 2 

Figure 8 and Figure 9 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 2, to ensure that color O-dot 0 appears on the left side of the printed 
page. 
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Figure 8. Signalling for a Type 0 printhead In Arrangement 2 



srcik hjtjijtjtjtjtjtjt^^ 

Figure 9. Signalling for a Type 1 printhead in Arrangement 2 
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3.3 



Conclusions 



Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 
2, it can be seen that the color/dot sequence output for a printhead type in Arrangement 1 
is the reverse of the sequence for same printhead in Arrangement 2 in terms of the order in 
which the color plane data is output, as well as whether even or odd data is output first. 
However, the order within a color plane remains the same, i.e. odd descending, even 
ascending. 

From Figure 10 and Table 4, it can be seen that the plane which has to be loaded first (i.e. 
even or odd) depends on the arrangement. Also, the order in which the dots have to be 
loaded (e.g. even ascending or descending etc.) is dependent on the arrangement. 

If the device controlling the printheads can re-order the bits according to the following cri- 
teria, then it should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first 

• Be able to output even and odd planes in cither ascending or descending order, inde- 
pendently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to 
the printhead. 
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Figure 10. All 8 Printhead Arrangements 
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Table 4. Order In which even and odd dots and planes are loaded Into the various 
printhead arrangements 



fp&fSg 4" nth ea d/&&; i& ^ 






Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 


Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 ; 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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Bi-lithic Printhead Specification 



1 0 Basic Requirements 

by "Stitching" reticle images, 
ketas 1600 dpi. 

Tnefirstnozzleofihe right chip ^^SSSS— 
nozzle of the left chip for the same color row. There is no ink nozz! 
same colour) scheme employed. 

1.1 Power Supply 

Vdd^posandC*oundsupp^ 

oler the length of the chips, but this will be revisited). 
1.2 MEMS cells 

i cr^T of enerev to fire, with a pulse of current for 

during this pulse. 
1.2.1 ISSUE!!! 

time. That is about 8 Amperes if all nozzle Bre. 

«« is 8 Amperes is for only 1 colour, 16A • 6 colours - 96 A for all eolours. 

How many co.ours eould print a. the same time. 2^^^ 
I at the time axe required, to create map ^"'^^Pof WmRed ink, 

With a 138 nozzles -3,2 itogg V 2£f« " 
memjet nozzle will average (138 3.1^ ioo;/iu 



V 



1.2.2 64um unit cell height 

This cell would have 4 line spacing 
between adjacent colours. 



between the odd and even dots, and 8 line spacing 



1 23 80 urn unit cell height 

This cu w on.d have 5 Una spacing between <he odd and even do*, and ,0 Hne spacing 
between adjacent colours. 

1.3 Versions 

1.3.1 6 Colour 1600 dpi with 64 urn unit cell 



Left and Right Chip. This version 



will not be prototyped. 



1.3.2 6 Colour 160Q dpi with 80 urn unit ceU 

Left and Right Chip. 

1.3.3 4 Colour 800 dpi with 80 um unit cell 

For camera application. Single nozzle row per colour. 
This version will not be prototyped. 

1.4 Air Supply 

Air must be supplied to the MEMS region through holes in the chip. 

2.0 Head Sizes 

TABLE 1. Head Combinations 
Left Head 




Bi 
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" , , ♦ QC rr»<;tit c h Parts" 18+104)* 12. Nozzles per row 

SS^^SnL— ^ My current 

wafer layout, manages to avoid this set, without any loses. 



3.0 Interface 

^^^^ 



TABLE 2- I/O pins 



Nam e 

^ata[0-l] 



ataL[0-l] 



SrClk 



ReadL 



ncL 



I/O 



Function 

Dot data for colours 0 - 5, using 
(DataL the complementary signal), colours[0-2] on 
Data[0], colour[3-5] onPata[l] 



Common 

No 



Feedback for CMOS testing {LSyncL~h ReadL=0) 
and {LSyncL^O, ReadL=V) 
[0] - nozzle test result 
[1] - temperature 



Feedback for CMOS testing {LSyncL=\ , ReadL=0) 
and (LSyncL=Q, ReadL=0) 
[O] - nozzle test result 
[1] - temperature 



Dot data shift clock using Differential Signalling 
(SrClkL the complementary signal) 



No* 



wat|» y«"' j w — 

Data[0-l]/DataL[0-l] in output mode (driving noiwuf- 
ferential) . 



600 b 



* Pulse Profile for all colours 
" 0 - Capture dot data fo r next print line 

l ^^^^^^^^^^^ vA 10 point 

b 300 MHz clock, so edges are 600 Mhz rate 

c 1 MHz cycle, but the resolution of the mark/space ratio may require 50 ns. 
d 10 kHz cycle, with minimum low pulse of 10 ns (no maximum), 
controller (SOPEC). 
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3.1 Dot firing 

a a Ant data, a fire signal, and a profile. When all 
To fire a nozzle, three signals are need. A dot data, a tire s gn 

signals are high, the nozzle will fire. 



FIGURE I. Print head structure 




dot shift register, this data is transfer into fee &e Ae nozzle . The use 

fire registers forms the fire shift reg ster tnai ru* 
agln ^th one register bit in each direction flow. 



FIGURE 2. Column Structure 
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selects the reverse direction fire register. 

whole colour row at the same time (with a sligw prop * 
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1 Paper Movement 

I I„k shooting out of page ^^print heads 
^Reader looking through paper over P 
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Section A-A Through Even nozzles 
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FIGURE 4. Data Timing During Printing 
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r cvr/fr VrClk default state is 
3 3 Fire Shift Register 



The fire shift re^ster contto^ me ra^ cycle 
the you could print the entire print head mas e 

that(4800A)! ^ da « 0 'inali 



FIGURE 5. Print quality 




sin the fire select shift register 



a) Printing every** dot with all zero' 



OCOOOOOOOOO^^ 

* dot with all one's in the fire select shift register 
b) Printing every" dotwltnano 

out« 2 nozd« wortang ow^ te ce,*e by ^ 



roing towards outer two) at *. Arc rare . 
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To achieve this fire pattern the fire shift register and select shift register need to 
be set up as show in Figure 6. 



FIGURE 6. Fire and Select Shift Register setup for printing 



, 1 fire shift 

I register 



. . 0000000. *0001111111- .1110000000 0001111111 111 select shift reg 



The pattern has shifted a ' V into the fire shift register every n th positions (where n is 
usually is a minimum of about 100) and n * 1% followed n 'O's in the select shift 
register. At a start of a print cycle, these patterns need to be aligned as above, with the 
"1000..." of a forward half of fire shift register, matching an n grouping of 'V or 
*0's in the select shift register. As well, with the "1000..." of a reverse half of the 
fire shift register, matching an n grouping of T or 'O's in the select shift regis- 
ter. And to continue this print pattern across the butt ends of the chips, the select 
shift register in each should end with a complete block of n * Vs (or 4 0's). 

FIGURE 7. Fire Pattern across butt end of Print Chips 



. . .1110000000. - .♦0001111111. - . .111 
Left Print: Head Fire/Select sk 



1111111 1110000000 0001111111 

Right Print Bead Fire /Select SR 



Since the two chips can be of different lengths, it makes initialisation of these pattern 
difficult. This is solved by building initialisation circuitry into chips. This circuit is 
controlled by to registers, nlen(14) and count(14) and b(1). These registers are 
loaded serially through DatafOJ, while LSyncL is low, and ReadL is high with FrClk, 



FIGURE 8. Fire Pattern Generation 




fire shift register 

clocked by fsclk a gated TrClk 



select shift register 

clocked by SelClk a gated FrClk 



The scan order from input is b, n[13-0],c[0-13], therefore b is shifted in last. 
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The following table shows the values to programme the bi-lithic head pairs using a fire 
TABLE 4. Head Combinations Initialisation for n=100 



Nozzles 
La 


Nozzles 
Lb 


nlen (A&B)~ 
n-1 


count A ° 
(L A /2) mod if 
-1 


b A 


b B 


rem= 
(L B /2) mod n 


- count B = 
(L A -L B +r«m) mod n 
-1 


9744 


4080 


99 


71 


0 


0 


40 


3 


8328 


5496 


99 


63 


0 


0 


48 


79 


6912 


6912 


99 


55 


0 


0 


56 


55 



pauem lengin or iuu. me <;au;uiauuii a^uiu^a ^ « uiw ivu & vov uvuu v * 

and once the registers are initialised with LA FrClk cycles (ReadL='0\ LSyncL= , 1 
rem would be the correct value for count B if chip B was only clocked (FrClk) L B 
times. But this chip will be over clocked L A -L B cycles. The values of b A and b B are 
either the same or inverse of each other. The actually value does not matter. They need 
to be different from each other if the select shift registers would end up with differ- 
ent values at the butt ends. If (L A /2n) is even (and count A is non zero), then the final 
run in c A's select shift register will be ! b A . If (L A -L B /2) mod n is even (and count B is 
non zero) then the final run in *B*s select shift register will be !b B . 



FIGURE 9* Determining Select Shift Register value 

HttdA 



> L A /2 select shift register length 



count A +1 



HeadB 



II 



* IV 2 select shift register length 



counte+1 



3-4 Profile Pattern 

A profile pattern is repeated at FrClk rate. It is expected to be a single pulse about lus 
long. But it could be a more complicated series of pulse. The actual pattern depends on 
the ink type. 

The following figure show the external timing to print a line of data. In this example 
the line is printed in 8 cycles of FrClk. 
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FIGURE 10. Timing for printing Signals 




pr nLf^j^jmmjMJi_ri ™_ 

3.5 Interface Modes 

The print heads a eight different modes controlled by signals ReadL and LSyncL. As 
seen in Figure 9 with both LSyncL and ReadL high, the chip in normal printing mode. 
Some of these mode can operate at the same time, but may interfere with the result of 
the other modes. 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


1 


1 


Normal Print Mode 


SrClb=SrClk/3 

frclk-FrClk 

SelClk=0 

FsClk=FrClk 

Scan=0 

CoreScan=0 


X 


0 


Dot Load Mode 

• Dot latches are open, loaded with Dot shift regis- 
ters, latch once LSyncL returns to 1 (this happens 
regardless of ReadL) 

• Enables Dot Shift register to capture fire result. 




1 


0 


Fire Load Mode 

• DatafOJ will shift through nlen, count and b with 
FrClk 


SrClk-X 
frclk-X 

SelClk-X j 

FsClk=FrClk 

Scan=l 

CoreScan^X 
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TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


0 


I 


Reset Nozzle Test 

• Resets the state of nozzle test circuit 


SrClk=SrClk 

FrClk=FrCUc 

SelClk-FrClk 

FsClk=FrClk 

Scan^M) 

CoreScan=l 


0 


1 


CMOS testing mode 

• The contents of the dot shift registers are serial 
shifted out on Data [0-1] with SrClk 


0 


1 


Fire Initialise mode 

• The contents of the fire shift register and select 
shift register is generated with FrClk 


0 


0 


Temperature Output 

• The series of Delta Sigma output are clocked out on 
Data[0] with FrClk, The sum of these bits represent 
the temperature of the chip. 


SrClk=X 

rrclk=0 

SelClk=0 

FsClk=0 

Scan=0 

CoreScan=X 


0 


0 


Nozzle Test Output 

• The result of a nozzle test is output on Data[l ]. 



3.5.1 Printing 



Figure 10 shows show timing for normal printing. During this action, we drop out of 
Normal Print Mode> to Dot Load Mode between line transfers. For printing to perform 
correctly, no other signal should be stable. 

3.5.2 Initialising for Printing 

To initialise for printing the fire shift registers and select shift registers need to setup 
into a state as shown in Figure 7. To do this the chips are put into Fire Load Mode and 
the values for nlen, count and b are serially shifted from Data[0] clocked by FrClk. 
As the two chip have separate Data line, and common FrClk, this happens at the same 
time. Once this is done, mode is changed to Fire Initialise Mode, and further L A FrClk 
cycles are provided to both chips. During all these operation Pr should be low, to pre- 
vent unintentional firing for nozzles. 
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FIGURE 11. Initialising Print Heads 
LsyncL 



ReadL 



Data A [0] ( b A> lnen{13-0], count[<M31 A ) - 
Data B [0] ( b B , InenjlS-Q], coiint[0-13] B > - 



SrClk 

Frc,k mum 

Pr 



ML 



JUW 

+. 



ML 



-> L A cycles 



Fire Load Mode Fire Initialise Mode 

3.5.3 Nozzle Testing 

Nozzle testing is done by firing a single at a time a monitoring the DataflJ pin in the 
Nozzle Test Output mode. 

Each nozzle has a test switch with closes when it nozzle is fired. All 12 switches in a 
nozzle column are connect in parallel to the following circuit. 

FIGURE 12. Nozzle Test Latching Circuit 



Testout 




This circuit is initialised when ever LSyncL is high and ReadL is low (Reset Nozzle 
Test mode). This forces all "switch nodes" to low, and the feedback through lower NOR 
gate will latches this value. With LSyncL low and ReadL still low (Nozzle Test Output 
mode) the Testout of the first nozzle column is output on DataflJ. If any switch is 
closed, the switch node of this column will be pulled up, and will ripple through to the 
output as transition from high to low. 
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FIGURE 13. Nozzle Testing 
LsyncL 



ReadL 
Data[1]| 

SrClk 
FrClk 



Pr 



Set up Test 



Reset Nozzle Test Mode 



JL 



Nozzle Test Output 
Mode 



Setup 
Test 



Nozzle testing requires a setup phase in order to fire only one nozzle. There are many 
ways to achieve this. Simplest might be to load a single colour with 101010 through the 
even nozzles, and 010101... for the odd nozzles (0's for all other colours), and set up a 
fire pattern with n = L A /2. With this fire pattern only one nozzle will fire in each Pr 
pulse. After firing in Nozzle Test Output mode, a single FrClk will advance to next 
nozzle, then Reset and Test, After L A /2 cycles of this testing, a single SrClk will 
advance the dot shift registers to setup the untested nozzles of this colour, and another 
L A /2 cycles of FrClk, Reset and Test will finished testing this colour. Then repeat test 
procedure for other colours. 



3.5.4 Temperature Output 

This mode is not well defined yet. In this mode, DatafOJ will output a series of ones 
and zeros clocked by FrClk After a (currently unknown) number of FrClk cycles the 
sum of this series will represent the temperature of the chip. Clocking frequency in this 
mode it expected to be in the range 1 0kHz - 1 MHz. 
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FIGURE 14. Temperature Reading 
LsyncL 1 



ReadL [ 
Data[0] 

SrClk 

FrClk 



Pr 



The Frequency of FrClk and the number of cycles need to be programmable. Since this 
mode cycles FrClk, the result of fire shift register and select shift register would be 
changed, but in this mode FrClk is disabled to these circuit. So printing can resume 
without reinitialising. 



3.5.5 CMOS Testing 

CMOS testing is a mode meant for chip testing with before MEMS as added to the 
chip. This mode allows the dot shift register to be shifted out on the Data fO-lJ pins. 
Much like the nozzle test mode, the nozzles are fired while LSyncL is low, but during 
the firing SrClk will be cycle, and the dot Shift register will load the signal that 
would fire the nozzle. Once capture, the result can be shifted out 

FIGURE 15. CMOS Testing 
LsyncL 



ReadL 



SrClk|g§ 


n 










Pr 


n 




Set up Test 


Dot Load Mode 


CMOS Test Output Mode 



The Dot Load Mode above violates normal printing procedure by firing the nozzles 
(Pr) and modify the dot shift register (SrClk). 
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4.0 Reticle Layout 



To make long chips we need to stitch the CMOS (and MEMS) together by overlapping 
the reticle stepping field. The reticle will contain two areas: 

FIGURE 16. Reticle Layout 




The top edge of Area 2, pad end contains the pads that stitch on bottom edge of Area 7, 
core. Area 1 contains the core array of nozzle logic. The top edge of Area 1 will stitch 
to the bottom edge of itself. Finally the bottom edge of Area 2, butt end will stitch to 
the top edge of Area 1. The butt end to iised to complete a feedback wiring and seal 
the chip. 

The above region will then be exposed across a wafer bottom to top. Area 2, Area 1, 
Area 7...., Area 2. Only the pad end of Area 2 needs to fit on the wafer. The final expo- 
sure fo Area 2 only requires the butt end on the wafer. 
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FIGURE 17. Stepper Pattern on Wafer 




4.1 TSMC U-Frame requirements. 

TSMC will be building us frames 10 mm x 0.23 mm which will be placed timer side of 
both Area 1 and Area 2. 

TSMC requires 6 mm are. for blading between me 

to 3 mm on the reticle, as some recticles are 2x size, while most are 5x, the wors 
must be used. 
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Introduction 



1 Document History 



mmmmmrnm 


wmms 




1.6 


29 November. 2002 


Simon Walmsley 


upoaiee orup** vo w wh^.^ w «..«^. , 

cols document, got rid of 68k reference now 
that we are using LEON. 


1.5 


26 November, 2002 


Simon Walmsley 


Added description of storing more than a sin- 
gle SoPECJd Key in a PRINTER_QA On sec- 
tion 3.5.3 and related). This reduces the cost 
of a multi-SoPEC system with no loss of secu- 
rity. 

Also added text to describe mat batch keys 
can be different for each SoPEC If the indirect 
upgrade key protocol Is used. 


1.4 


9 September, 2002 


Simon Walmsley 


Added section in requirements detaiflng types 
of attacks we care about and don't care about. 


1.3 


30 August. 2002 


Simon Walmsley 


Changed ComCo_OEM_xxxx variables into 
simply xxxx variables, since that is more 
generic. Added text regarding ink refill. Added 
extra software authentication stage to prevent 
ComCos from fiddling with SoPEC software. 


1.2 


29 August. 2002 


Simon Walmsley 


Added section on how the PRINTER.QA chip 
gets programmed with the SoPEC Jd_key. 


1.1 


28 August 2002 


Simon Walmsley 


Updated to have Ink and operating parameters 
be authenticated via symmetric key based sig- 
natures based on a unique SoPECJd. 
Updated after review. 


1.0 
0.2 draft 

0.1 drafl 


27 August 2002 
26 August. 2002 

26 August. 2002 


Simon Walmsley 
Simon Walmsley 

Simon Walmsley 


Changed public-key and private key refer- 
ences to asymmetric & symmetric respec- 
tively, so private can now sub-refer to the 
private key of the asymmetric pair, or the sin- 
gle private symmetric key. Changed OEM Jd 
into ComCo__OEM Jicensejd to more accu- 
rately reflect the scope of the id. 

Initial issue. 



1 .2 References 

fll Silicon & Software Systems, 4-4-9-4 SoPEC Hardware Design. 

[2] Silverbrook Research, 4-2-1-1 Print Engine Controller Hardware Design. 

[31 Silverbrook Research, 4-3-1-2 QA Chip Technical Reference. 

[4] Silverbrook Research, 4-3-1 S QA Chip Programmer Requirements. 

[5] Silverbrook Research, 4-3-1-26 Authentication Protocols. 

1.3 Scope 

This document describes the basic security requirements of programs running on the 
SoPEC ASIC [1). It then describes an implementation solution to the security require- 
ments. 
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SoPEC Security Overview — 

Silverbrook Re search — 

« * * tK „ coPEC ASIC as well as implying key 
The described solution impacts the f» the QA Chip ASIC [3] and associ- 

management issues. The solution includes references to uc v 
ated authentication protocols [5]. 

document. 
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Readership 

This document is written for software engineers and ^J^txX^SvSt 
with SoPEC, as well as PCB «•■«*- are 

Engines. A similar audience working on PEC and PEC-basea ram cngm , 
document useful. 

This document is also intended to be read by those responsible for key management and 
associated database designers with regards to guiding requirements. 
Tbis document is confident to Silverbrook Research ^.L^an^ distribution out- 
side this organisation mm be covered by a non-disclosure agreement (NDA). 

OA Chip Terminology 

The Authentication Protocols document [5] refers to QA Chips by their function in parUc- 
ular protocols: . . A 

. For authenticated reads, ChipR is the QA Chip being read from and Ch.pT is the QA 

Chip that identifies whether the data read from ChipR can be trusted. 
. For replacement of keys, ChipP is the QA Chip being programmed^ ^e new key, 

Z SnpF is ^ factory QA Chip that generates the message to program the new ta* 
. For upgrades of data in memory vectors, ChipU is the QA Chip being upgraded, and 

ChipS is the QA Chip that signs the upgrade value. 
Any given physical QA Chip will contain functionality that allows it to operate as an 
entity in some number of these protocols. 

as defined in [5]. 

Phvsica! OA Chips are referred to by their location. For example, each ink cartridge may 
PRTNTER^QA, and will be on a separate bus to the INK.QA chips. 
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Requirements 



Security 

The basic functional security requirements are: 

. Silverbrook code and OEM program code co-existing safely 

. Silverbrook operating parameters authentication 

- OEM operating parameters authentication 

• Ink usage authentication 

Each of these is outlined in subsequent sections. 



2.1.1 



2.1.2 



The authentication requirements imply^at: _ silverbrook program 

. OEMs and end-users must not be able to replace or ramp 

. ssrr — *• — * -» *** s0ve " 

„ ship ta» ou^ide ta f ^ „. pH., ^ pipdi™ 

with the exception of operating system permitted uriv P 

Silverbrook code and OEM program code co-existing safely 

SoPECinclud^ 

code. The execution model ^^^^^^Tcontrolling the print engine 
forms an operating system (O/S), prodding ^rvices mU st run in 

pipeline, interfaces to «™c^ons^^s ^ Tb*O^J p£j» ^ ^ QEM 

activated. 

A basic requirement then, for SoPEC. is a ^J^^^^^S^ 
verbrook and OEM programme £ OHM £g£ on SoPEC 

be restricted to Silveibrook program code only. 
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SoPEC Security Overview . 

Silverorook Research ■ 

program code. 

However, the OEM must be capable of assemble the Print Engine at the 
upgraded status before selling the Print Engine to the end-user. 

OEM operating parameters -then«cation ^ 

end-user should not be able '^VStEZSZ SET 2 
appropriate fee to the OEM. Similarly. ^ end-u^r shoid fl^ end-users 
Station mechanism via any progmm on £ as well as not be 

«™ict not be able to tamper with, or replace vjcm f^b* 
5T££? with HEP blocks or service-related peripherals. 

2.1.4 Ink usage authentication ,<•„„ tn a husi ness model. For example, 

Each OEM sells printers and ink to "JS. same featured 

P^S^^^ 

of OEM 2 printers can only use OEM 2 ink. 

oo acceptable Compromises 

«5n^airsstssSiH*i - - - — 

code etc. It is impossible to guard against such an attack 

We are really only concerned wifcco ^J^^^lT^f 
of printer opemting parameter ^ cn \ cat,on .^ d ^ ^ by one that can be down- 



of the license agreement. 



1. a franking machine prints stamps 
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spaaing the *«b pn* «g» H(wever it m e», « hav. 

of a legitemate upgrade, 
rity. 

2.3 implementation Constraints lmustalsome et certain unpicmen- 

AnysolutiontothcrequiremcntsdetailedinSect.onl.l must dso meet c 
tation constraints. These are: 

• No flash memory inside SoPEC 

• SoPEC must be simple to verify 

. SiWerbrook program code must be updateable 

. OEM program code must be updateable 

. MustbebootablerromactiviryonUSBorlSI 

. cannot trust the comms channe o *e QA C*p >n ^ p ^ ^ qa) 

. Cannot trust the comms channel to the QA Chip in me 

. cannot trust the ISI comms channel 
These constraints are detailed below. 



few bits. 



2 3.2 SoPEC must be simple to verify _ verified 



effort and increases risk. 

2.3.3 



S„ve*.,oK pro,™ cod. ^ "^^ ^ ^ syslra>1 h» * 
It is not possible nor even desirable to wme s 



verified completely (see Section 2.3^1) 
correct for all possible future uses of SoPEC systems 
finished in time for SoPEC manufacture 
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Therefore the complete Silverbrook program code must not permanently reside on 
SoPEC. It must be possible to update the Silverbrook program code as enhancements to 
functionality are made and bug fixes are applied. 

In the worst case, only new printers would receive the new ^cti°nality or bug fixe* to 
the best case, existing SoPEC users can download new embedded code to enable funct.cn- 
ality or bug fixes. Ideally, these same users would be obtaining these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2 3 4 OEM program code must be updateable 

Given that each OEM will be writing specific program code for printers ithat have not yet 
been conceived, it is impossible for all OEM program code to be embedded in SoPEC at 
the ASIC manufacture stage. 

Since flash memory is not available (see Section 2.3.1), OEMs cannot store ^P™^ 
code in on-chip flash. While it is theoretically possible to store OEM V^jodcm 
ROM on SoPEC, this would entail OEM-specific ASICs which would be prohibmvely 
expensive. Therefore OEM program code cannot permanently reside on SoPtt-. 

Since OEM program code must be downloadable for SoPEC to execute, it should there- 
fore be possible to update the OEM program code as enhancements to functionality are 
made and bug fixes are applied 

In the worst case, only new printers would receive the new functi onality or bug fixes .In 
the best case, existing SoPEC users can download new embedded code to enable function- 
ality or bug fixes. Ideally, these same users would be obtau^g these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2.3.5 Must be bootable from activity on USB or ISI 

SoPEC can be placed in sleep mode to save power when printing is ^ * S 
not preserved in sleep mode. Therefore any program code and data m RAM will be lost 
However, SoPEC must be capable of being woken up from the host when it is ume to print 



In the case of a single SoPEC system, the host communicates with SoPEC via USB. 

In the case of a multi-SoPEC system, the host typically communicates with the ISI Master 
chip (e g. the ISI Master could be SoPEC, and the comms is USB), and can send messages 
to other slave SoPECs via the ISI master. The ISI master SoPEC relays these messages to 
the slaves via the ISI. 

Therefore SoPEC must be capable of being woken up by activity on either the USB or on 
the ISI. 

2.3.6 No extra pins to assign IDs to slave SoPECs 

In a single SoPEC system the host only sends data to the single SoPEC. However in a 
multi-SoPEC system, each of the slaves needs to be uniquely identifiable in order to be 
able for the host to send data to the correct slave. 

Since there is no flash on board SoPEC (Section 2.3.1) we are unable to store a slave ID 
(eg 4 bits) in each SoPEC. Moreover, any ROM in each SoPEC will be identical. 
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2.3.7 



• c tn allow 2° combinations of IDs for slave SoPECs. However 
It is possible to ^ j^S^SSo- reasons, and tbis is particularly true of 
j£SSS SSSSESfS^ ^ bave 2 pins for inter-SoPEC commun.ca- 
tions, and further pins would add to the cost. 

cnno. tree, the comma channel ,c M OA Chi, In .he printer (PR.NTER.OA) 

rhe PMNTER.QA chip or wbven the commuracMions channel. 

2 3. cannot trust th. comma channel to the QA Chip In the Ink canrtdoea (INK OA) 

2.3.8 uannoiuuw ^*Aa* i« stored in the non-volatile mem- 

The amount of ink «ng for * »™ ^jSSSiS OEM program code can- 
ory of that ink cartridge s INK_QA secure . J is possi ble for an 

«nt relv on the communication channel to the INK_<^a oeing r . 

end-ter to replace the INK^QA chip or subvert the communions channel. 

2.3.9 Cannot trust the IS. comma channel ^ 

In-«W^^~J3J^SrS^ It is quite possible for an 

man-in-the-middle attacks). 
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3 Proposed Solution 

A proposed solution to the requirements of Section 2, can be summarised as: 

• Each SoPEC has a unique id 

• CPU with user/supervisor mode 

• Memory Management Unit 

• SoPEC 1SI identification 

each SoPEC has a unique id 

3.1 . ^ pEC id of minimum size 64-bits 1 . This 

Each SoPEC needs to «^ *^ *SSlSiSE: SaPECLMLk* 
SoPEC Jd is used to form a symmetric key unique to * 

3 2 CPU WITH USER/SUPERVISOR MODE 

sopec «— . cpu — *-M5Kii— 

V8 instruction set). 

. „„_ rode win run in supervisor mode, and all OEM 

Silverbrook (operating system) program code wm run v 

program code will run in user mode. 

3 3 memory Management Unit 

w „„™„nt unit <MMU) that limits access to regions of 
SoPEC contains a Memory Management Umt (MMUrm and user 

DRAM by denning read, write ^^^JJS ^ode p^nission settings, 



1 On IBM's GUI 1 process this chipld is 80 bits. 
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mitted. 

At ~ «w w to e» t S.PEC ^"^ITrKtrr^ 
DRAM. 

• t„ ,11 the non-valid address space should be trapped, regardless of user 

blocks) is supervisor read / write awess oniy W V registers can also be 

SbSd block will detent l»« 

DRAM ~ •~™«22S1 S^S: 

^*^"!XSSt*^CS allow, -1 
point to the appropriate location in ROM, loeaiiy 

dereferencing to be trapped. 

WA ^ 10 *, DRAM - » -^i^gSKSSSK= 
read/write/execute mode permissions to be I WOW mtn » elsewhere. By 

for OEM program data, 1/0/1 for regK*s of OEM PJJ^J^ ^ for this 
contrast we would typically set superb code in supervisor mode), 
memory to be 1/1/0 (to avoid accidentally executing user 

access. 

3 4 SPECIFIC ENTRY POINTS IN O/S 

orcu functions in supervisor code space, 

implementation for this depends on the CPU. 

o. - leon _ - t^ap ^i^s^r™" 

and supervisor mode in a controlled way. i ne i code space in supervisor 

user mode. 

updates occur. 

. ort/1p to ca ii user mo de code. There are a number 
The LEON also allows supervisor mode code to call user mooe 
of ways that this functionality can be implemented. 
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3.5 Boot Procedure 

3.5.1 Basic premise 



premise c D « r , 

ating parameters. 

We perfonn authenticate* of program code and data using asymmetric cryptography and 
without using a Q A Chip . . ™> a \a 

Assuming we have already downloaded some dam and a 160-bit signature mto eDRAM, 
the boot loader needs to perform the following tasks: 

«^orm SHA-1 on the downloaded data to calculate a digest localDigest 

passed to the downloaded data 

probed and the security is compromised. 

The procedure requires the following data item: 
. bootOkey = an n-bit asymmetric public key 
The procedure also requires the following two functions: 

. SHA-1- a function that performs SHA-1 on a range of memory and returns a 160-btt 

. ^rypt - a function that performs asymmetric decryption of a message using the 

passed-in key n , 

Assuming that all of these are available (e.g. in the boot ROM), boot loader 0 can be 
defined as in the following pseudocode: 



boot loader O(oata, sift) 

localDisest <- SHA-1 (data) 
authorizedDiaest <- decrypt (3ig. bootOkey) 



" SSr-'Sri^^^ address,, -ill never to return 



Else 

// program code is unauthoriied 
Endlf 



^ , , ... . * nn thp acvmmetric algorithm chosen. The key must pro- 

The length of the key will depend on Am^bW g _ SUverbrook Q/s pro _ 

vide the equivalent protection of the entire ^JJJJJ Chi k being compro mised. 

gram code can be bypassed, then parameters, OEM 

In fact it is worse because it the net (e.g. 
operating parameters, and ink authentication by sorrware 
from some hacker in Norway). 
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of the Q A Chip. In the case of ECDSA, a Key ieng 

There is - - — » - ^^^ZSZttVSZ 

■ t MFC is based on keeping the asymmetric private key 
Therefore the entire security of SoPEC a bast* on P s pro - 

■ ^xr^s^^^ * - 

bootQkey secure. 
ify and characterize. 

3.5.2 Hierarchies of authentication Silver brook O/S code needs to be 

Given that test programs, evaluation ^.jJ^J^ it is not secure to 
written and tested, and OEM program code <^^*to£ Silverbrook O/S, non-O/S. 
have a single authentication of a Signing Silverbrook program 

code. 

^ierein. the key for .utteafeeieg tie next 

7=2. ~ srs SST=- — — — 

etc. customizing the Print Engme for a given OEM ^ to ±e 

Thelevelsofauthentic^onhierarchyareasfoUows: ^ orates 

. SoPECCo generates -f^^^K^SSf?^^ S ^ CC ° 
the print engine funcUonality) and the ^Cos^ym key. The print engine 

is an operatmg parameter block fo a given ^ ComCo . s asymmetnc pnvate 

the print engine license ^. g ^2a^) would contain valid print speed ranges, 
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crate as many of these operating parameter bloc* a^num£r of Print Engine 

Licenses, but cannot write or sign any supervisor O/S program code. 
• The OEM would generate datasetS, consisting of dataset 3 plus 

is the OEM program code signed with £ 

The OEM can produce as many versions of datasetS as it likes (e.g. tor testing p 

poses or for updates to drivers etc) 
The relationship is shown below in Figure I. 



datasetS 
(supplied to 
end-user) 




Figure 1. Relationship between the datasets 

• . , c c^ppr i*t^lf validates datasetl via the bootOkey mech- 
^ StT^ Se^tTs 1 oLf ^^cuting, it validates and 
^£2£ TtSSES^U ^ validation bien^hy is shown in ttgu* 2. 



SoPEC boot rom 

(includes bootOkey public key) 



vafdatton via bootOkey 



datasetl: operating system 
(includes ComCo public key) 



validation via ComCo key 



( dataeat2: operating panne 

I fincfudes OEM pubftc key) 



validation via OEM key 



datasat4: OEM program code j 



Figure 2. Validation hierarchy 
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OEM program code un J program code is also compromised. A com- 

sets Ksrsss.^35i ^ s ° pec - "°° w re,oire a 

mask ROM change in SoPEC to fix. 

,, « *« *• «v «»r*> ""TrTt^^ una. « 

priva/e Jfcey ;m ira* r<? bootOkey secure. 
3.5.3 Authenticating operating parameters 

ment of host O/S drivers etc. 

nn PRINTER OA. memory vector Mo contains the upgradable operating parameters, and 
n2mo^L Q M 1+ TntaL any extant (non-upgradable) operating parameters. 

Considering only Suverbrook operating parameters for the moment, there are actually two 

Pn>blenlS a. setting and storing the SUverbrook operating parameters, which should be 

authorized only by Silverbrook 
..reading the parameters into SoPEC. whichis an ^^uthenUcahng 

the data on the PRJNTER_QA chip smce we don t trust PRINTER_v2A.. 
The PRINTER_QA chip therefore contains the following symmetric keys: 

v \nPFC id kev This key is unique for each SoPEC (see Section 3.1). and « 
* l£!ZgZ£^ does not have write pemuss-ons for 

anything. f . 

Ko is used to «*. — -£ « -hM - - — '.MSSSE 

ing as the ChipS. 

Kl is used by SoPEC to - Jjgj-^ **£Z^S^£Z 
operating parameters) fron^PONTEP^QA^^roc ^ me embed . 

cated read r'^t^^Sig Z££SSk™ Sentieated read protocol [5] 
ded supervisor f « a pseudo-random number. This creates the 

requires the use of a 160-bit nonce wrucn is F deten ninable 

SJLSSX*- «*» i» SoPEC's time, rn.it *e fc. p. 8 e «.«. 



Confidential 



November 29. 2002 



15 



by Silverbrook supervisor code so that SoPEC.id.key .s not revealed. 

If the OEM also requires upgradable parameters, we can add an extra i key to 
PR^R^A wherTthat key TToEMJcey and has write perm.ss.ons to the OEM 

part of Mo- 

this way. K, ^ ^ » ■»= k«o«» by »y»» .xcpt 0* S.PEC »d PRTNTEK.QA. 

sat ^r"Sdr s ° P6Q - * 

extra keys (multiple SoPECJdJcey^ to a single PRINTER_QA. 

However, if ink usage is not being validated (e.g. if print speed ^^^^ 
contains the appropriate SoPEC_td_icey. pHI ^j,, ^ first (or only) 

print will terminate. 
53f OEM assembly-line test 

stored in the PRINTER_QA as described m Section 3.5.3. 
HowevenalthoughanOEMshouldonlybc^ 

a given Print Engine, they must be able to assembly-line test tee rnn agio 
ferent set of operating parameters i.e. a maximally upgraded Print Engine. 

would be performed. 

PRTNTER_QA contammg upgraded parameters m jgmoe prtnxer QA must contain 
SoPEC to accept the parameters ;as ^^^^^^c system under 
the appropriate SoPECJdkey^ (ned to ftej ^Jj^™^ ^ of a y Silver brook 
^c^L M Sffi^T^S or a connection to a Silver- 
brS machine (e.g. over anet). Neither approaches are good 
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If there is no special master PRINTER_QA for testing, then we must make use of special 
• IL^ro^ oTstorage on the PRINTERS A, or both. The solution will depend on the 
test requirements of the OEM. 

A simnle test program that allows any pages to be printed at full upgrade capability is def- 
tSStXST* gets out to the public, it is effectively a free upgrade. Silverbrook 
would not want the OEM to have such a program. 

I ikewise if a test program only printed pages that had been signed with some key, then 

Z chSgTthe timing of real pages (sine* the sign^ « 
before printing) but a service must be made available to sign special test i™ges.nusmay 
£ SoteoS it means that SHverbrook must be involved for every tune a test ,mage s 
S d f S^rook gives the OEM a program urat se^ ^^d this 
annoyance, then it is the same as giving away the ability to print at full capability. 

Tff . OEM _ auires tests that are not actually printing dots, then a test harness software 
oatScXaTdSLes like a real Print Engine (including all -tout signals e*0 a 

SSSSSSSSSSsK: 

gets out into the public, the user can only pnnt blank pages. 

If the OEM requires tests that actually prints dots, there are several possibilities: 

a A version of the O/S (signed for the OEM) that will only print special Silver- 
iZTZ Pattern,. This may be quite adequate, but it has the disadvantage that 
OEM test patterns cannot be printed 
b A version of the O/S that prints garbage in special places over the test image. 
Again the has the disadvantage that special OEM test patterns cannot be 
printed. 

c A version of the O/S that reads and decrements a DecrementOnly value in 
PINTER OA If the value before successful decrementing is non-zero, then 
the O/S will run at full upgrade capability until either ^^l^^ 
pre-determined number of pages (e.g. agreed to by the OEM and ^brook) 
have been printed. The number to be stored in the PRINTER.Q A at initial 
PRINTER.QA customization may only need to be I or 2. 

Of these solutions, option (c) is probably the least ^ctiv^eOEM 

if the test oroeram gets out, then if the value in PRINTER^QA is u arter rauus, 
^eretnolm^^if the value is small, then only a small number of pages can be 
printed at full upgrade capability, and power must stay on while doing so. 

354 Use of a PrintEnglneLicense id 

Silverbrook O/S program code contains the OEM;* ^fo^Howev^ Z 
the subseauent OEM program code is authennc - i.e. from the OEM. However gi 
SoPEC onlTconSins'a sS root key. it is theoretically possible ^fecn^ 
applicatio J to be run identically physical Print Engines i.e. pnnter dnver for OEM, run 
on an identically physical Print Engine from OEM 2 - 

fixed operating parameter in the PRINTER_OA y.e. unvi, + ;. ^ 
parameters, the value of PrintEngineLicenseJd would be stored m PRINTER_QA 



Confidential 



November 29, 2002 



17 



4-4-1-3 v1. 6 




same time as the other various PRINTER_QA customization* are being applied, before 
being shipped to the OEM site. 

In this way, the OEMs can be sure of differentiating themselves through software func- 
tionality. 



,, 5 r^To«-^--^^j:s,«2= 

tication makes use of counters in SoPEC that keep an accura 
of dots printed for each ink. 

Ota dM» aorrf o« th« INK.QA d»p .nctate „ 0EMJ4 iakTVj*. 

asjssst i - - d is like,y '° 

be stored in M 1+ within INK.QA. 

, _ woiiHflted bv means of PRINTER_QA, a 
Just as the Print Engine operahng with specifically licensed 
given Print Engine license may only be ^ m of ink types, colors. 

^ZZ^Z^X^ matching against the data in the 

INK_QA. 

. ~ <\yr TNK OA, both in terms of ink parame- 
SoPEC must be able to authenticate reads from the — ^ 00 

ters as well as ink remaining. 

To authenticate ink a number of steps must be taken: 

• restrict access to dot counts « PRINTER OA 

. authenticate ink usage and ink parameters 

. broadcast ink dot usage to all SoPECs » a mult.-SoPEC system 

3.5.5.1 restrict access to dot counts t ^ PEP section of SoPEC, access to these 

^entice M an. M p~-~ Wa £0* ~ to the 

The basic problem of ^^°7^ f — ^ a^oPEC Sow the initial value 
problem that we don't trust INK^QA . Therefore ^how c & ^ (o ^ 

of ink (or the ink parameters), and how ^ * S ° PEC ™ 
INK.QA, the count has been correctly decremented 



3.5.5.2 



INK_QA. 

We cannot write the ScPECJdJcey to the INK_Q A for two reasons: _^ 
. updating keys is not power-safe (i.e. if power is removed rmd-update. the INK.QA 
could be rendered useless) 



Confidential 



November 29, 2002 



18 



change the old key to a new one). 
The proposed solution is to let INK.QA have two keys: 

permissions to the ink remaining regions of Mo on INK_^a. 

permission to anything. 
K$ is used to f~2£!S~E£ SSSSSS— 

(e.g. in K 2 ), also with no write pennissions. 

This means there are two shared keys, with PRINTER_QA sharing both, and thereby act- 
ing as a bridge between INK_QA and SoPEC. 

. UseTnkLicense.key is shared between fNK_QA and "^TE^ A 
. SoPEC Lid key is shared between SoPEC and PRINTER.QA 
AU SoPEC has to do is do an a^ated^JS] from £K_Q 

ture to PRTMTER_QA, let PRINTER_QA ^^J^J^jS^id key. SoPEC 
PRJNTER_QA to produce a similar signature based on ^S2SSS«0^ ^ 
can then compare PPJNTER_QAs sngntfure , wift tts own «^r»J£ match, the data 
ment a Test ftinction [5] in software on_ &e SoPEC). and if the signatur 
from INK_QA must be valid, and can therefore be trusted. 

Once the data from INK_QA is known «- £ ^7^. 

checked, and the other ink licensing parameters sucn 
InkUsageLicense_Id can be checked for validity. 

The actual steps of read authentication as performed by SoPEC are: 



• k^v to use when signing 

KEY1 4- 1 // simple constants to specify which key to us 

jq?Y2 i 2 

ETC. T.Z^T^L^- >" — h keyl: useInk1, icense - ke y 

SIGSOPZC «- HMAC_SHA_1 (RpRlOTEB I R SOPSC I M INK> 
If ((SIG PRItma , != 0) AND (SIG TOIwrat = SKsorac)) 

If (M INK .inkRemaining = expectedlnkRemaining) 
// all is ok 



Else 
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// the ink value, is not what we wrote, so don't print anything anymore 
Enaif 

E1S // the data read from INK.QA is not valid and cannot be trusted 
Endlf 



Strictly speaking, we don't need a nonce (R SO pec) «« *» nnlc because M a (containing 
the ink remaining) should be decrementing between authentications. However we do need 
one to retrieve the initial amount of ink and the other ink parameters (at power up). This is 
why taking a random number from the WatchDogTtmer at the receipt of the first page is 
acceptable. 

In summary, the SoPEC performs the non-authenticated write [5] of ^«™^ to *> 
INK OA chip, and then performs an authenticated read of the data via the PRTNTER.QA 
as per the pseudocode above. If the value is authenticated, sad the INK_QA ink-remain- 
ing value matches the expected value, the count was correctly decremented and the print- 
ing can continue. 

3.5.5.3 broadcast ink dot usage to all SoPECs in a multi-SoPEC system 

In a multi-SoPEC system, each SoPEC attached to aprinthead (4 at most) must broadcast 
its ink usage to all the SoPECs. In this way. each SoPEC will have its own version of the 
expected ink usage. 

In the case of a man-in-the-middle attack, at worst the count in a given SoPEC is only its 
own count (i.e. all broadcasts are turned into 0 ink usage by the man-in-the-middle). 

A single SoPEC performs the update of ink remaining to the INK.QA cbJj^and theti i all 
SoPECs perform an authenticated read of the data via the appropriate PPJNTER.QA (the 
PRINTER OA that contains their matching SoPECJdJcey - remember that multiple 
SoPEC idjteys can be stored in a single PRJNTER.QA). If the value is ^cr^Xed 
and the~INK_QA value matches the expected value, the count was correctly decremented 
and the printing can continue. 

If any of the broadcasts are not received, or have been tampered with the "I^dink 
counts will not match. The only case this does not cater for is if each SoPEC is tricked (via 
an ISI man-in-the-middle attack), into a total that is the same, yet not the true total. Apart 
from the fact that this is not viable for general pages, at worst this is the maximum amount 
of ink printed by a single SoPEC. We don't care about protecting against this case. 

Since there will be at most 4 printing SoPEC, it requires at most 4 authenticated reads. 
This should be completed within 0.5 seconds - well within the 2 seconds/page print time. 

3.5.6 Example hierarchy 

The exact breakdown of hierarchy will depend on a later investigation, but _for the pur- 
poses of scoping out possibilities, it is worthwhile considering an example hierarchy for 
illustrative purposes. 
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Adding an extra bootloader step to the example from Section 3.5.2, we can break up the 
contents of program space into logical sections, as shown in Table 1 . Note that the ComCo 
does not provide any program code, merely operating parameters that is used by the O/S. 



Table 1. Sections of Program Space 





iifitiiaiaii 




0 

(ROM) 


boot loader 0 
SHA-1 function 
asymmetric decrypt function 
bootOkey 


section 1 via bootOkey 


1 


boot loader 1 
SoPEC_OS_public_key 


section 2 via SoPEC_OS_public_key 


2 


Silverbrook O/S program code 
function to generate 
ooptc - id_Key from SoPEC_kj 
Basic Print Engine 
ComCo_puWic_key 


section 3 via ComCo_public_key 

section 4 via OEM_public_key (supplied in sec- 
tion 3) 

PRINTER_QA data, which includes the 
PrintEngineUcense_id, Silverbrook operating 
parameters, and OEM operating parameters (all 
authenticated via SoPECJd_key) 


3 


ComCo license agreement operat- 
ing parameter ranges, induding 
PrintEngtneUcenseJd (gets 
loaded into supervisor mode sec- 
tion of memory) 

OEM_public_key (gets loaded into 
supervisor mode section of mem- 
ory) 

Any ComCo written user-mode 
program code (gets loaded into 
mode mode section of memory) 


Is used by section 2 to verify section 4 and 
range of parameters as found in PRINTER_QA 


4 


OEM specific program code 


OEM operating parameters via calls to Silver- 
brook O/S code 



The verification procedures will be required each time the CPU is woken up, since the 
RAM is not preserved. 



3.5.7 What If the CPU is not fast enough? 

In the example of Section 3.5.6, every time the CPU is woken up to print a document it 
needs to perform: 

• SHA-I on all program code and program data 

• 4 sets of asymmetric decryption to load the program code and data 

• 1 HMAC-SHA1 generation per 51 2-bits of Silverbrook and OEM printer and ink oper- 
ating parameters 

Although the SHA-1 and HMAC process will be fast enough on the embedded CPU (the 
program code will be executing from ROM), it may be that the asymmetric decryption 
will be slow. And this becomes more likely with each extra level of authentication. If this 
is the case (as is likely), hardware acceleration is required. 

A cheap form of hardware acceleration takes advantage of the fact that in most cases the 
same program is loaded each time, with the first time likely to be at power-up. The hard- 
ware acceleration is simply data storage for the authorizedDigest which means that the 
boot procedure now is: 
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• lowCPT7_boot loader 0 (d*t a, slg) 

localDigest «- SHA-1 (data) 

If (localDigest = previouslyStoredAuthorizedDigest) 

jump to program code at data-start address// will never to return 
Else 

authorizedDigest «— decrypt (sig, bootOkey) 

If (localDigest. = authorizedDigest) 

previous lyStoredAuthorizedDigest «- authorizedDigest 

jump to program code at data-start address// will never to return 

Else 

// program code is unauthorized 
Endlf 



This procedure means that a reboot of the same authorized program code will only require 
SHA-1 processing. At power-up, or if new program code is loaded (e,g. an upgrade of a 
driver over the internet), then the full authorization via asymmetric decryption takes place. 
This is because the stored digest will not match at power-up and whenever a new program 
is loaded. 

The question is how much preserved space is required 

Each digest requires 160 bits (20 bytes), and this is constant regardless of the asymmetric 
encryption scheme or the key length. While it is possible to reduce this number of bits, 
thereby sacrificing security, the cost is small enough to warrant keeping the full digest. 

However each level of boot loader requires its own digest to be preserved. This gives a 
maximum of 20 bytes per loader. Digests for operating parameters and ink levels may also 
be preserved in the same way, although these authentications should be fast enough not to 
require cached storage. 

Assuming SoPEC provides for 12 digests (to be generous), this is a total of 240 bytes. 
These 240 bytes could easily be stored as 60 x 32-bit registers, or probably more conven- 
iently as a small amount of RAM (eg 0.25 - 1 Kbyte). Providing something like 1 Kbyte of 
RAM has the advantage of allowing the CPU to store other useful data, although this is not 
a requirement. 

In general, it is useful for the boot ROM to know whether it is being started up due to 
power-on reset or activity on the USB/ISI. In the former case, it can ignore the previously 
stored values (either 0 for registers or garbage for RAM). In the latter case, it can use the 
previously stored values. Even without this, a startup value of 0 (or garbage) means the 
digest won't match and therefore the authentication will occur implictly. 

3.6 SOPEC ISI IDENTIFICATION 

At power-up, the host can send targeted data to the USB -connected SoPEC, but can only 
send broadcasts to all of the slave SoPECs via the USB-connected SoPECs ISI. 

Each slave SoPEC will verify the broadcast message received over the ISI, and if it is 
valid, will execute it. Several levels of authorization may occur. However, at some stage, 
this common program code (broadcast to all of the slave SoPECs and signed by the appro- 
priate asymmetric private key) will, among other things, set the slave SoPECs ISI id If 
there is only 1 slave, the id is given, but if there is more than 1 slave, the id must be deter- 
mined in some fashion. 
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On a particular physical arrangement of SoPECs each slave SoPEC will have a different 
set of connections on GPIOs. For example, one SoPEC maybe in charge of motor control 
while another may be driving the LEDs etc. The unused GPIO pins (not necessarily the 
same on each SoPEC) can be set as inputs and then tied to 0 or 1. As long as the connec- 
tion settings are mutually exclusive, program code can determine which is which, and the 
id appropriately set. 

In some multi-SoPEC systems, a given SoPEC will only be attached to a single printhead 
(left or right). We can conveniently use the second printhead connection pins (temperature 
and test) to form an ISI id. 

This scheme of slave SoPEC identification does not introduce a security breach. If an 
attacker rewires the pinouts to confuse identification, at best it will simply cause strange 
pnntouts (e.g. swapping of printout data) to occur, while at worst the Print Engine will 
simply not function. 

Note that some physical setting (e.g. pins) on each of the multiple SoPECs is required - the 
settings just need to be mutually exclusive. Although it is possible for all the SoPECs to 
come to a logical ISI id assignment (e.g. by using ethemet-like protocols), the ISI id needs 
to be very much a physical identity scheme. This is because these SoPECs are not simply 
logical processors - we want the correct portion of the page to be printed on the correct 
physical location, motor controls will be physically connected to a specific physical 
SoPEC etc. 

3.7 Setting up QA Chip keys 

In use, each INK_QA chip needs the following keys; 

• Kq = SupplylnkLicenseJcey 

• Kj = UselnkLicenseJcey 

Each PRINTER_QA chip tied to a specific SoPEC requires the following keys: 

• K~o ~ PrintEngineLicenseJcey 

• Kj = SoPEC Jdjkey 

• K 2 = UselnkLicenseJcey 

Note that there may be more than one K { depending on the number of PRJNTER_QA 
chips and SoPECs in a system These keys need to be appropriately set up in the QA Chips 
before they will function correctly together. 

3.7.1 Original QA Chips as received by a ComCo 

When original QA Chips are shipped from QACo to a specific ComCo their keys are as 
follows: 

• Ko = QACojComCoJCeyQ 

• K, = QACo_ComCo_Keyl 

• &2 = QACo_ComCo_Key2 

• K 3 = QACo_ComCo_Key3 

All 4 keys are only known to QACo. Note that these keys are different for each QA Chip. 

3.7.2 Steps at the ComCo 

The ComCo is responsible for making Print Engines out of Memjet printheads, OA Chios 
PECs or SoPECs, PCBs etc. ' 
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In addition, the ComCo must customize the INK_QA chips and PRINTER_QA chip 
on-board the print engine before shipping to the OEM. 

There are two stages: 

• replacing the keys in QA Chips with specific keys for the application (i.e. INK_QA 
and PRINTER^QA) 

• setting operating parameters as per the license with the OEM 

3.7.2.1 Replacing keys 

The ComCo is issued QID hardware [4] by QACo that allows programming of the various 
keys (except for K|) in a given QA Chip to the final values, following the standard 
ChipF/ChipP replace key (indirect version) protocol [5]. The indirect version of the proto- 
col allows each QACojComCoJCey to be different for each SoPEC. 

In the case of programming of PRINTER^Q A's K| to be SoPECJdJkey* there is the addi- 
tional step of transferring an asymmetrically encrypted SoPEC Jd _key (by the public-key) 
along with the nonce (Rp) used in the replace key protocol to the device that is functioning 
as a ChipF. The ChipF must decrypt the SoPECjdJcey so it can generate the standard 
replace key message for PRINTER_QA (functioning as a ChipP in the ChipF/ChipP pro- 
tocol). The asymmetric key pair held, in the ChipF equivalent-should be unique to a 
ComCo (but still known only by QACo) to prevent damage in the case of a compromise. 

Note that the various keys installed in the QA Chips (both INK_QA and PRINTER_QA) 
are only known to the QACo. .The OEM only uses QIDs and QACo supplied ChipFs. The 
replace key protocol [5] allows the programming to occur without compromising the old 
or new key. 

3.7.2.2 Setting operating parameters 

There are two sets of operating parameters stored in PRTNTER_QA and INK_QA: 

• fixed 

• upgradable 

The fixed operating parameters can be written to by means of a non-authenticated writes 
[5] to M 1+ via a QID [4], and permission bits set such that they are ReadOnly. 

The upgradable operating parameters can only be written to after the QA Chips have been 
programmed with the correct keys as per Section 3.7.2.1. Once they contain the correct 
keys they can be programmed with appropriate operating parameters by means of a QID 
and an appropriate ChipS (containing matching keys). 
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3 Introduction 



This document describes the SoPEC ASIC (Small office home office Print Engine Controller) suitable for 
use in price sensitive SoHo printer products. The SoPEC ASIC is intended to be a low cost solution for bi- 
lithic printhead control, replacing the multichip solutions in larger more professional systems with a single 
chip. The increased cost competitiveness is achieved by integrating several systems such as a modified 
PEC1 [1] printing pipeline, CPU control system, peripherals and memory sub-system onto one SoC ASrC, 
reducing component count and simplifying board design. 

This section will give a general introduction to Memjet printing systems, introduce the components that 
make a bi-lithic printhead system, describe possible system architectures and show how several SoPECs 
can be used to achieve A3 and A4 duplex printing. The section "SoPEC ASIC" describes the SoC SoPEC 
ASIC, with subsections describing the CPU, DRAM and Print Engine Pipeline subsystems. Each section 
gives a detailed description of the blocks used and their operation within the overall print system. The final 
section describes the bi-lithic printhead construction and associated implications to the system due to its 
makeup. 

Some sections of this document were derived from the Print Engine Controller Hardware Design Specifi- 
cation[ 1 ] written by Silverbrook Research. 
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4 Nomenclature 



4.1 



4.2 



Bi-LITHIC PRINTHEAD NOTATION 

A bi-lithic based printhead is constructed from 2 printhead ICs of varying sizes. The notation M:N is used 
to express the size relationship of each IC, where M specifies one printhead IC in inches and N specifies 
the remaining printhead IC in inches. 

Section 35 Memjet Printhead contains a description of the bi-lithic printhead and related terminology. 



Definitions 

The following terms 
Bi-lithic printhead 
CPU 

ISI-Bridge chip 

lSIMaster 
ISISlave 
LEON 

LineSyncMaster 

Multi-SoPEC 
Netpage 
PEC1 



Printhead IC 
PrintMaster 

QAChip 
Storage SoPEC 
Tag 



are used throughout this specification: 

Refers to printhead constructed from 2 printhead ICs 

Refers to CPU core, caching system and MMU. 

A device with a high speed interface (such as USB2.0, Ethernet or IEEE1394) and 
one or more ISI interfaces. The ISI-Bridge would be the lSIMaster for each of the 
ISI buses it interfaces to. 

The lSIMaster is the only device allowed to initiate communication on the Inter 
Sopec Interface (ISI) bus. The lSIMaster interfaces directly with the host. 

Multi-SoPEC systems will contain one or more ISISlave SoPECs connected to the 
ISI bus. ISISlaves can only respond to communication initiated by the lSIMaster. 

Refers to the LEON CPU core. 

The LineSyncMaster device generates the line synchronisation pulse that all 
SoPECs in the system must synchronise their line outputs to. 

Refers to SoPEC based print system with multiple SoPEC devices 

Refers to page printed with tags (normally in infrared ink). 

Refers to Print Engine Controller version 1, precursor to SoPEC used to control 
printheads constructed from multiple angled printhead segments. 

Single MEMS IC used to construct bi-lithic printhead 

The PrintMaster device is responsible for coordinating all aspects of the print 
operation. There may only be one PrintMaster in a system. 

Quality Assurance Chip 

An ISISlave SoPEC used as a DRAM store and which does not print. 

Refers to pattern which encodes information about its position and orientation which 
allow it to be optically located and its data contents read. 



4.3 



Acronym and Abbreviations 

The following acronyms and abbreviations are used in this specification 
CPU Contone FIFO Unit 

CPU Central Processing Unit 

DIU DRAM Interface Unit 
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DNC 


Dead Nozzle Compensator 


DRAM 


Dynamic Random Access Memory 


DWU 


DotLine Writer Unit 


GPIO 


General Purpose Input Output 


HCU 


Halftoner Compositor Unit 


ICU 


Interrupt Controller Unit 


ISI 


Inter SoPEC Interface 


LDB 


Lossless Bi-level Decoder 


LLU 


Line Loader Unit 


LSS 


Low Stseed Serial intprfarp 

ITT UL/vvU wvllCU lUlvllAvw 


MEMS 


Micro Electro Mechanical ^vctpm 


MMU 


Memorv IMariafyemenr T Init 


PCU 


SoPEC Controller Unit 


PHI 


PrintHeaH fnfprrVirf* 

r lulu ivOU llllCHatC 


PSS 


lUWCl JaVv kjlUla^C UUll 


RDU 


i\.eaj-iune ueoug unii 


ROM 


iveaa vvniy rviemory 


SCB 


Serial Communication Block 


SFU 


Spot FIFO Unit 


SMG4 


Silverbrook Modified Group 4. 


SoPEC 


Small office home office Print Engine Controller 


SRAM 


Static Random Access Memory 


TE 


Tag Encoder 


TFU 


Tag FIFO Unit 


TIM 


Timers Unit 


USB 


Universal Serial Bus 



4,4 Pseudocode notation 

In general the pseudocode examples use C like statements with some exceptions. 
Symbol and naming convections used for pseudocode. 
Comment 
Assignment 

Operator equal, not equal, less than, greater than 
Operator addition, subtraction, multiply, divide, modulus 

Bitwise AND, bitwise OR, bitwise exclusive OR, left shift, right shift, complement 
Logical AND, Logical OR, Logical inversion 
Array/vector specifier 



+,-,v,% 

AND,OR,NOT 
[XX: YY] 
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{a, b,c) 



Concatenation operation 
Increment and decrement 



4.4.1 Register and signal naming conventions 

In general register naming uses the C style conventions with capitalization to denote word delimiters. Sig- 
nals use RTL style notation where underscore denote word delimiters. There is a direct translation between 
both conventioa For example the CmdSourceFifo register is equivalent to cmdjsource Jifo signal. 

4.5 State machine notation 

State machines should be described using the pseudocode notation outlined above. State machine descrip- 
tions use the convention of underline to indicate the cause of a transition from one state to another and 
plain text (no underline) to indicate the effect of the transition i.e. signal transitions which occur when the 
new state is entered. 

A sample state machine is shown in Figure 1. 



reset = 0prst n = t 
cdu_dlu_rreq = o 
ignore_data = 0 



cdu_dtu_rreq = i ^ Reset ^4 



cdu_diu_rreq « 1 
lgnore_data = 0 



Idle ^ 



gpgc 1 & 
dono band—O 
cdu_dlu_rreq «= 0 
ignore_data = 0 



Figure 1. Example State machine notation 
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5 Printing Considerations 



A bi-lithic printhead produces 1600 dpi bi-level dots. On low-diffusion paper, each ejected drop forms a 
22.5pm diameter dot. Dots are easily produced in isolation, allowing dispersed-dot dithering to be 
exploited to its fullest. Since the bi-lithic printhead is the width of the page and operates with a constant 
paper velocity, color planes are printed in perfect registration, allowing ideal dot-on-dot printing. Dot-on- 
dot printing minimizes •muddying' of midtones caused by inter-color bleed 

A page layout may contain a mixture of images, graphics and text. Continuous-tone (contone) images and 
graphics are reproduced using a stochastic dispersed-dot dither. Unlike a clustered-dot (or amplitude-mod- 
ulated) dither, a dispersed-dot (or frequency-modulated) dither reproduces high spatial frequencies (i.e. 
image detail) almost to the limits of the dot resolution, while simultaneously reproducing lower spatial fre- 
quencies to their full color depth, when spatially integrated by the eye. A stochastic dither matrix is care- 
fully designed to be free of objectionable low-frequency patterns when tiled across the image. As such its 
size typically exceeds the rninimum size required to support a particular number of intensity levels (e.g. 
16xl6x 8 bits for 257 intensity levels). 

Human contrast sensitivity peaks at a spatial frequency of about 3 cycles per degree of visual field and 
then falls off logarithmically, decreasing by a factor of 100 beyond about 40 cycles per degree and becom- 
ing immeasurable beyond 60 cycles per degree [21][22]. At a normal viewing distance of 1 2 inches (about 
300mm), this translates roughly to 200-300 cycles per inch (cpi) on the printed page, or 400-600 samples 
per inch according to Nyquist's theorem. 

In practice, contone resolution above about 300 ppi is of limited utility outside special applications such as 
medical imaging. Offset printing of magazines, for example, uses contone resolutions in the range 150 to 
300 ppi. Higher resolutions contribute slightly to color error through the dither. 

Black text and graphics are reproduced directly using bi-level black dots, and are therefore not anti-aliased 
(i.e. low-pass filtered) before being printed. Text should therefore be supersampled beyond the perceptual 
limits discussed above, to produce smoother edges when spatially integrated by the eye. Text resolution up 
to about 1200 dpi continues to contribute to perceived text sharpness (assuming low-diffusion paper, of 
course). 

A Netpage printer, for example, may use a contone resolution of 267 ppi (i.e. 1600 dpi / 6), and a black 
text and graphics resolution of 800 dpi. A high end office or departmental printer may use a contone reso- 
lution of 320 ppi (1600 dpi / 5) and a black text and graphics resolution of 1600 dpi. Both formats are 
capable of exceeding the quality of commercial (offset) printing and photographic reproduction. 
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6 Document Data Flow 



6.1 CONSIDERATIONS 

Because of the page-width nature of the bi-lithic printhead, each page must be printed at a constant speed 
to avoid creating visible artifacts. This means that the printing speed can't be varied to match the input 
data rate. Document rasterization and document printing are therefore decoupled to ensure the printhead 
has a constant supply of data. A page is never printed until it is fully rasterized. This can be achieved by 
storing a compressed version of each rasterized page image in memory. 

This decoupling also allows the RIP(s) to run ahead of the printer when rasterizing simple pages, buying 
time to rasterize more complex pages. 

Because contone color images are reproduced by stochastic dithering, but black text and line graphics are 
reproduced directly using dots, the compressed page image format contains a separate foreground bi-level 
black layer and background contone color layet The black layer is composited over the contone layer after 
the contone layer is dithered {although the contone layer has an optional black component). A final layer 
of Netpage tags (in infrared or black ink) is optionally added to the page for printout. 

Figure 2 shows the flow of a document from computer system to printed page, 
r 1 ' : -i r 



page layouts 
and objects - 




Figure 2. Document data flow 
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At 267 ppi for example, a A4 page (8.26 inches x 11.7 inches) of contone CMYK data has a size of 
26.3MB. At 320 ppi, an A4 page of contone data has a size of 37.8MB. Using lossy contone compression 
algorithms such as JPEG [23], contone images compress with a ratio up to 10:1 without noticeable loss of 
quality, giving compressed page sizes of 2.63MB at 267 ppi and 3.78 MB at 320 ppi. 

At 800 dpi, a A4 page of bi-level data has a size of 7.4MB. At 1600 dpi, a Letter page of bi-level data has 
a size of 29.5 MB. Coherent data such as text compresses very well. Using lossless bi-level compression 
| algorithms such as SMG4 fax as discussed in Section 8.1.2.3.1, ten-point plain text compresses with a 

ratio of about 50:1. Lossless bi-level compression across an average page is about 20:1 with 10:1 possible 
for pages which compress poorly. The requirement for SoPEC is to be able to print text at 10:1 compres- 
sion. Assuming 10:1 compression gives compressed page sizes of 0.74 MB at 800 dpi, and 2.95 MB at 
1600 dpi. 

Once dithered, a page of CMYK contone image data consists of 1 16MB of bi-level data Using lossless bi- 
level compression algorithms on this data is pointless precisely because the optimal dither is stochastic - 
i.e. since it introduces hard-to-compress disorder. 

Netpage tag data is optionally supplied with the page image. Rather than storing a compressed bi-level 
data layer for the Netpage tags, the tag data is stored in its raw form. Each tag is supplied up to 120 bits of 
raw variable data (combined with up to 56 bits of raw fixed data) and covers up to a 6mm x 6mm area (at 
1600 dpi). The absolute maximum number of tags on a A4 page is 15,540 when the tag is only 2mm x 
2mm (each tag is 126 dots x 126 dots, for a total coverage of 148 tags x 105 tags). 15,540 tags of 128 bits 
per tag gives a compressed tag page size of 0.24 MB. 

The multi-layer compressed page image format therefore exploits the relative strengths of lossy JPEG con- 
tone image compression, lossless bi-level text compression, and tag encoding. The format is compact 
enough to be storage-efficient, and simple enough to allow straightforward real-time expansion during 
printing. 

Since text and images normally don't overlap, the normal worst-case page image size is image only, while 
the normal best-case page image size is text only. The addition of worst case Netpage tags adds 0.24MB to 
the page image size. The worst-case page image size is text over image plus tags. The average page size 
assumes a quarter of an average page contains images. Table 1 shows data sizes for compressed Letter 
page for these different options. 



Table 1 . Data sizes for A4 page (8.26 Inches x 11.7 Inches) 



m mm m . & mmi 






image only (contone), 10:1 compression 


2.63 MB 


3.78 MB 


Text only (bi-level), 10:1 compression 


0.74 MB 


2.95 MB 


Netpage tags, 1600 dpi 


0.24 M8 


0.24 MB 


Worst case (text + image «- tags) 


3.61 MB 


6.67 MB 


Average (text + 25% image + tags) 


1.64 MB 


4.25 MB 



6.2 Document Data Flow 

The Host PC rasterizes and compresses the incoming document on a page by page basis. The page is 
restructured into bands with one or more bands used to construct a page. The compressed data is then 
transferred to the SoPEC device via the USB link. A complete band is stored in SoPEC embedded mem- 
ory. Once the band transfer is complete the SoPEC device reads the compressed data, expands the band, 
normalizes contone, bi-level and tag data to 1600 dpi and transfers the resultant calculated dots to the bi- 
lithic printhead. 

The document, data flow is 
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• The RIP software rasterizes each page description and compress the rasterized page image. 

• The infrared layer of the printed page optionally contains encoded Netpage [5] tags at a programmable 
density. 

• The compressed page image is transferred to the SoPEC device via the USB normally on a band by 
band basis. 

• The print engine takes the compressed page image and starts the page expansion. 

• The first stage page expansion consists of 3 operations performed in parallel 

• expansion of the JPEG-compressed contone layer 

• expansion of the SMG4 fax compressed bi-leve! layer 

• encoding and rendering of the bi-level tag data. 

• The second stage dithers the contone layer using a programmable dither matrix, producing up to four 
bi-levellayers at full-resolution, 

• The second stage then composites the bi-level tag data layer, the bi-ievel SMG4 fax de-compressed 
layer and up to four bi-level JPEG de-compressed layers into the full-resolution page image. 

• A fixative layer is also generated as required. 

• The last stage formats and prints the bi-level data through the bi-lithic printhead via the printhead inter- 
face. 

The SoPEC device can print a full resolution page with 6 color planes. Each of the color planes can be 
generated from compressed data through any channel (either JPEG compressed, bi-level SMG4 fax com- 
pressed, tag data generated, or fixative channel created) with a maximum number of 6 data channels from 
page RIP to bi-lithic printhead color planes. 

The mapping of data channels to color planes is programmable, this allows for multiple color planes in the 
printhead to map to the same data channel to provide for redundancy in the printhead to assist dead nozzle 
compensation. 

Also a data channel could be used to gate data from another data channel. For example in stencil mode, 
data from the bilevel data channel at 1600 dpi can be used to filter the contone data channel at 320 dpi, giv- 
ing the effect of 1600 dpi contone image. 4 fe 

6.3 Page considerations due to SoPEC 

The SoPEC device typically stores a complete page of document data on chip. The amount of storage 
available for compressed pages is limited to 2Mbytes, imposing a fixed maximum on compressed page 
size. A comparison of the compressed image sizes in Table 1 indicates that SoPEC would not be capable 
of printing worst case pages unless they are split into bands and printing commences before all the bands 
for the page have been downloaded. The page sizes in the table are shown for comparison purposes and 
would be considered reasonable for a professional level printing system. The SoPEC device is aimed at the 
consumer level and would not be required to print pages of that complexity. Target document types for the 
SoPEC device are shown Table 2. 



Table 2. Page content targets lor SoPEC 







mm 






Best Case picture Image. 267ppi with 3 colors, A4 size 


8.26x11.7x267x267x3 ©10:1 


1.97 


Full page text, 800dpi A4 size 


8.26x11.7x800x800 © 10:1 


0.74 
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Table 2. Page content targets for SoPEC 







^^^^^ 


Mixed Graphics and Text 

• Image of 6 inches x 4 inches @ 267 ppi and 3 colore 
- Remaining area text -73 inches 2 . 800 dpi 


6x4x267x267x3 6 5:1 
800x800x73 © 10:1 


1.55 


Best Case Photo, 3 Colors, 6.6 Megapixel Image 


6.6Mpixel © 10:1 


2.00 



If a document with more complex pages is required, the page RIP software in the host PC can determine 
that there is insufficient memory storage in the SoPEC for that document In such cases the RIP software 
can take two courses of action. It can increase the compression ratio until the compressed page size will fit 
in the SoPEC device, at the expense of document quality, or divide the page into bands and allow SoPEC 
to begin printing a page band before all bands for that page are downloaded. Once SoPEC starts printing a 
page it cannot stop, if SoPEC consumes compressed data fester than the bands can be downloaded a buffer 
underrun error could occur causing the print to fail. A buffer underrun occurs if line synchronisation pulse 
is received before a line of data has been transferred to the printhead 

Other options which can be considered if the page does not fit completely into the compressed page store 
are to slow the printing or to use multiple SoPECs to print parts of the page. A Storage SoPEC (Section 
7.2.5) could be added to the system to provide guaranteed bandwidth data delivery. The print system could 
also be constructed using an IS I-B ridge chip (Section 7.2.6) to provide guaranteed data delivery. 
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7 Memjet Printer Architecture 

The SoPEC device can be used in several printer configurations and architectures. 

In the general sense every SoPEC based printer architecture will contain: 

• One or more SoPEC devices. 

• One or more bi-lithic printheads. 

• Two or more LSS busses. 

• Two or more QA chips. 

• USB 1 . 1 connection to host or ISI connection to Bridge Chip. 

• ISI bus connection between SoPECs (when multiple SoPECs are used). 

Some example printer configurations as outlined in Section 7.2. The various system components are out- 
lined briefly in Section 7.1. 

7.1 System Components 

7.1.1 SoPEC Print Engine Controller 

The SoPEC device contains several system on a chip (SoC) components, as well as the print engine pipe- 
line control application specific logic. 

7. f. 1 . 1 Print Engine Pipeline (PEP) Logic 

The PEP reads compressed page store data from the embedded memory, optionally decompresses the data 
and formats it for sending to the printhead. The print engine pipeline functionality includes expanding the 
page image, dithering the contone layer, compositing the black layer over the contone layer, rendering of 
Netpage tags, compensation for dead nozzles in the printhead, and sending the resultant image to the bi- 
lithic printhead 

7. 1 . 1 . 2 Embedded CPU 

SoPEC contains an embedded CPU for general purpose system configuration and management. The CPU 
performs page and band header processing, motor control and sensor monitoring (via the GPIO) and other 
system control functions. The CPU can perform buffer management or report buffer status to the host. The 
CPU can optionally run vendor application specific code for general print control such as paper ready 
monitoring and LED status update. 

7. 1 . 1 3 Embedded Memory Buffer 

A 2.5Mbyte embedded memory buffer is integrated onto the SoPEC device, of which approximately 
2Mbytes are available for compressed page store data A compressed page is divided into one or more 
bands, with a number of bands stored in memory. As a band of the page is consumed by the PEP for print- 
ing a new band can be downloaded. The new band may be for the current page or the next page. 
Using banding it is possible to begin printing a page before the complete compressed page is downloaded 
but care must be taken to ensure that data is always available for printing or a buffer underrun may occur. 

An Storage SoPEC acting as a memory buffer (Section 7.2.5) or an ISI-Bridge chip with attached DRAM 
(Section 7.2.6) could be used to provide guaranteed data delivery. 
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7. 1 . 1.4 embedded USB 1. 1 Device 

| The embedded USB l.l device accepts compressed page data and control commands from the host PC, 

and facilitates the data transfer to either embedded memory or to another SoPEC device in multi-SoPEC 
systems. 



7.1.2 Bi-Iithtc Printhead 

The printhead is constructed by abutting 2 printhead ICs together. The printhead ICs can vary in size from 
2 inches to 8 inches, so to produce an A4 printhead several combinations are possible. For example two 
printhead ICs of 7 inches and 3 inches could be used to create a A4 printhead (the notation is 7:3). Simi- 
larly 6 and 4 combination (6:4), or 5:5 combination. For an A3 printhead it can be constructed from 8:6 or 
an 7:7 printhead IC combination. For photographic printing smaller printheads can be constructed. 

7.1.3 LSS interface bus 

Each SoPEC device has 2 LSS system buses for communication with QA devices for system authentica- 
tion and ink usage accounting. The number of QA devices per bus and their position in the system is unre- 
stricted with the exception that PRINTER_QA and INKjQA devices should be on separate LSS busses. 



7.1.4 QA devices 

Each SoPEC system can have several QA devices. Normally each printing SoPEC will have an associated 
PRINTER J2A. Ink cartridges will contain an INKjQA chip. PRINTER JQA and INKjQA devices should 
be on separate LSS busses. All QA chips in the system are physically identical with flash memory contents 
defining PRINTERjQA from INKjQA chip. 



7.1.5 ISI Interface 

The Inter-SoPEC Interface (ISI) provides a communication channel between SoPECs in a multi-SoPEC 
system. The ISIMaster can be SoPEC device or an ISI-Bridge chip depending on the printer configuration. 
| Both compressed data and control commands are transferred via the interface. 

7.1.6 ISI-Bridge Chip 

A device, other than a SoPEC with a USB connection, which provides print data to a number of slave 
SoPECs. A bridge chip will typically have a high bandwidth connection, such as USB2.0, Ethernet or 
IEEE1394, to a host and may have an attached external DRAM for compressed page storage. A bridge 
chip would have one or more ISI interfaces. The use of multiple ISI buses would allow the construction of 
independent print systems within the one printer. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 



7.2 Possible SoPEC Systems 

Several possible SoPEC based system architectures exist. The following sections outline some possible 
architectures. It is possible to have extra SoPEC devices in the system used for DRAM storage. The QA 
chip configurations shown are indicative of the flexibility of LSS bus architecture, but not limited to those 
configurations. 
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7.2.1 A4 Simplex with 1 SoPEC device 



USB from Host i 



Printer 
OA chip 





SoPEC 
Device #0 



replaceable 
Ink cartridge 



Ink cartridge! 
^ OA chip I 



A4BMi1hic | 
printhead 



£^ highspeed 
low speed 



printhead assembly 
— — — — — — — — — — — — — — — 

Figure 3. Single SoPEC A4 Simplex system 



In Figure 3, a single SoPEC device can be used to control two printhead ICs. The SoPEC receives com- 
pressed data through the USB device from the host. The compressed data is processed and transferred to 
the printhead. 



7.2*2 A4 Duplex with 2 SoPEC devices 



USB from Host 




£^ high speed 
low speed 



Figure 4. Dual SoPEC A4 Duplex system 

In Figure 4, two SoPEC devices are used to control two bi-lithic printheads, each with two printhead ICs. 
Each bi-lithic printhead prints to opposite sides of the same page to achieve duplex printing. The SoPEC 
connected to the USB is the ISIMaster SoPEC, the remaining SoPEC is an ISISlave. The ISIMaster 
receives all the compressed page data for both SoPECs and re-distributes the compressed data over the 
Inter-SoPEC Interface (ISI) bus. 
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It may not be possible to print an A4 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host may not have enough bandwidth. An alternative would be for each SoPEC to have its own 
USB 1.1 connection. This would allow a faster average print speed. 



7,2.3 A3 Simplex with 2 SoPEC devices 



USB from Host 




£^ high speed 
low speed 



_ Ortnthaad assem Wy_ 

Figure 5. Dual SoPEC A3 simplex system 



In Figure 5, two SoPEC devices are used to control one A3 bi-lithic printhead. Each SoPEC controls only 
one printhead IC (the remaining PHI port typically remains idle). The USB 1.1 connection defines the ISI- 
Master SoPEC. In this dual SoPEC configuration the compressed page store data is split across 2 SoPECs 
giving a total of 4Mbyte page store, this allows the system to use compression rates as in an A4 architec- 
ture, but with the increased page size of A3. The ISIMaster receives all the compressed page data for all 
SoPECs and re-distributes the compressed data over the Inter-SoPEC Interface (IS I) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
to have its own USB 1.1 connection. This would allow a faster average print speed. 
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7.2.4 A3 Duplex with 4 SoPEC devices 
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Figure 6. Quad SoPEC A3 duplex system 



In Figure 6 a 4 SoPEC system is shown. It contains 2 A3 bi-Iithic printheads, one for each side of an A3 
page. Each printhead contain 2 printhead ICs, each printhead IC is controlled by an independent SoPEC 
device, with the remaining PHI port typically unused. Again the USB 1.1 connection defines the ISIM aster 
with the other SoPECs as ISISlaves. In total, the system contains 8Mbytes of compressed page store 
(2Mbytes per SoPEC), so the increased page size does not degrade the system print quality, from that of an 
A4 simplex printer. The ISIMaster receives all the compressed page data for all SoPECs and re-distributes 
the compressed data over the Inter-SoPEC Interface (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1 . 1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
or set of SoPECS on the same side of the page to have their own USB 1.1 connection. This would allow a 
faster average print speed. 
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7.2.5 SoPEC ORAM storage solution: A4 Simplex with 1 printing SoPEC and 1 memory SoPEC 



USB from Host < 
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i printhead assembly 
«- j 

Figure 7. SoPEC A4 Simplex system with extra SoPEC used as ORAM storage 
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Extra SoPECs can be used for DRAM storage e.g. in Figure 7 an A4 simplex printer can be built with a 
single extra SoPEC used for DRAM storage. The DRAM SoPEC can provide guaranteed bandwidth deliv- 
ery of data to the printing SoPEC. SoPEC configurations can have multiple extra SoPECs used for DRAM 
storage. 
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7.2.6 ISI-Bridge chip solution: A3 Duplex system with 4 SoPEC devices 



replaceable 
Ink cartridge 



printhead assembly 



£^ highspeed 
O low speed 




Figure 8. A3 duplex system featuring four printing SoPECs 



In Figure 8, an ISI-Bridge chip provides slave-only ISI connections to SoPEC devices. Figure 8 shows a 
ISI-Bridge chip with 2 separate ISI ports. The ISI-Bridge chip is the ISIMaster on each of the ISI busses it 
is connected to. All connected SoPECs are ISISiaves. The ISI-Bridge chip will typically have a high band- 
width connection to a host and may have an attached external DRAM for compressed page storage. 

An alternative to having a ISI-Bridge chip would be for each SoPEC or each set of SoPECs on the same 
side of a page to have their own USB 1.1 connection. This would allow a faster average print speed. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 24 



SoPEC : Hardware Design 



8 Page Format and Printflow 



When rendering a page, the RIP produces a page header and a number of bands (a non-blank page requires 
at least one band) for a page. The page header contains high level rendering parameters, and each band 
contains compressed page data. The size of the band will depend on the memory available to the RIP, the 
speed of the RIP, and the amount of memory remaining in SoPEC while printing the previous band(s). Fig- 
ure 9 shows the high level data structure of a number of pages with different numbers of bands in the page. 



blank page 



single band page 



2 band page 



multi band page 



page header 



page header 



page header 



page header 



band n 



Figure 9. Pages containing different numbers of bands 



Each compressed band contains a mandatory band header, an optional bi-Ievel plane, optional sets of inter- 
leaved contone planes, and an optional tag data plane (for Netpage enabled applications). Since each of 
these planes is optional 1 , the band header specifies which planes are included with the band Figure 10 
gives a high-level breakdown of the contents of a page band 



band n 




band header 



bMevel plane 



contone plane 



tag data plane 



Figure 10. Contents of a page band 

A single SoPEC has maximum rendering restrictions as follows: 

• 1 bi-level plane 

• 1 contone interleaved plane set containing a maximum of 4 contone planes 

• 1 tag data plane 

• a bi-lithic printhead with a maximum of 2 printhead ICs 
The requirement for single-sided A4 single SoPEC printing is 

• average contone JPEG compression ratio of 10: 1 , with a local minimum compression ratio of 5: 1 for a 
single line of interleaved JPEG blocks. 



1 . Although a band must contain at least one plane 
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• average bi-level compression ratio of 10: 1 , with a local minimum compression ratio of 1 :1 for a single 
line. 

If the page contains rendering parameters that exceed these specifications, then the RIP or the Host PC 
must split the page into a format that can be handled by a single SoPEC. 

In the general case, the SoPEC CPU must analyze the page and band headers and generate an appropriate 
set of register write commands to configure the units in SoPEC for that page. The various bands are passed 
to the destination SoPEC(s) to locations in DRAM determined by the host. 

The host keeps a memory map for the DRAM, and ensures that as a band is passed to a SoPEC, it is stored 
in a suitable free area in DRAM. Each SoPEC is connected to the ISI bus or USB bus via its Serial com- 
munication Block (SCB). The SoPEC CPU configures ths SCB to allow compressed data bands to pass 
from the USB or ISI through the SCB to SoPEC DRAM. Figure 1 1 shows an example data flow for a page 
destined to be printed by a single SoPEC. Band usage information is generated by the individual SoPECs 
and passed back to the host. 
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Figure 11. Page data path from host to SoPEC 



SoPEC has an addressing mechanism that permits circular band memory allocation, thus facilitating easy 
memory management- However it is not strictly necessary that all bands be stored together. As long as the 
appropriate registers in SoPEC are set up for each band, and a given band is contiguous 1 , the memory can 
be allocated in any way. 



1. Contiguous allocation also includes wrapping around in SoPECs band store memory. 



Doc: SoPEC__hardware_design S3 Proprietary Document 29 Nov 2002 

Version: 2.3 Page 2 6 



SoPEC : Hardware Design 



8.1 Print engine example page format 

This section describes a possible format of compressed pages expected by the embedded CPU in SoPEC. 
The format is generated by software in the host PC and interpreted by embedded software in SoPEC. This 
section indicates the type of information in a page format structure, but implementations need not be lim- 
ited to this format The host PC can optionally perform the majority of the header processing. 

The compressed format and the print engines are designed to allow real-time page expansion during print- 
ing, to ensure that printing is never interrupted in the middle of a page due to data undemin. 

The page format described here is for a single black bi-level layer, a contone layer, and a Netpage tag 
layer. The black bi-level layer is defined to composite over the contone layer. 

The black bi-level layer consists of a bitmap containing a 1-bit opacity for each pixel. This black layer 
matte has a resolution which is an integer or non-integer factor of the printer's dot resolution. The highest 
supported resolution is 1600 dpi, i.e. the printer's full dot resolution. 

The contone layer, optionally passed in as YCrCb, consists of a 24-bit CMY or 32-bit CMYK color for 
each pixel. This contone image has a resolution which is an integer or non-integer factor of the printer's 
dot resolution. The requirement for a single SoPEC is to support 1 side per 2 seconds A4/Letter printing at 
a resolution of 267 ppi, i.e. one-sixth the printer's dot resolution. 

Non-integer scaling can be performed on both the contone and bi-level images. Only integer scaling can be 
performed on the tag data. 

The black bi-level layer and the contone layer are both in compressed form for efficient storage in the 
printer's internal memory. 



8.1.1 Page structure 



A single SoPEC is able to print with full edge bleed for Letter and A3 via different stitch part combina- 
tions of the bi-lithic printhead. It imposes no margins and so has a printable page area which corresponds 
to the size of its paper. The target page size is constrained by the printable page area, less the explicit (tar- 
get) left and top margins specified in the page description. These relationships are illustrated below. 



target top margin 



target bottom margtn 



- target page 

- printable page ai 
(physical page) 



Figure 12. Page structure 
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8. 1 .2 Compressed page format 

Apart from being implicitly defined in relation to the printable page area, each page description is com- 
plete and self-contained. There is no data stored separately from the page description to which the page 
description refers. 1 The page description consists of a page header which describes the size and resolution 
of the page, followed by one or more page bands which describe the actual page content. 

8. 1 .2. 1 Page header 

Table 3 shows an example format of a page header. 



Table 3. Page header format 



■■hhrhh 


Bi 




signature 


16-bit integer 


Page header format signature. 


version 


16-bit integer 


Page header format version number. 


structure size 


16-bit integer 


Size of page header. 


band count 


16-bit integer 


Number of bands specified for this page. 


target resolution (dpi) 


16-bit Integer 


Resolution of target page. This is always 1 600 for the Memjet 
printer. ; 


target page width 


1 6-bit integer 


Width of target page, in dots. 


target page height 


32-bit integer 


Height of target page. In dots. 


target left margin for black and 
con tone 


16-bit integer 


Width of target left margin, in dots, for Wack and contone. 


target top margin for Hack and 
contone 


16-bit integer 


Height of target top margin, in dots, for black and contone. 


target right margin for black and 
contone 


16-bit integer 


Width of target right margin, in dots, for black and contone. 


target bottom margin for Wack 
and contone 


16-bit integer 


Height of target bottom margin, in dots, for Wack and contone. 


target left margin for tags 


16-bit integer 


Width of target left margin, in dots, for tags. 


target top margin for tags 


1 6-bit integer 


Height of target top margin, in dots, for tags. 


target right margin for tags 


16-bit integer 


Width of target right margin, in dots, for tags. 


target bottom margin for tags 


1 6-bit integer 


Height of target bottom margin, in dots, for tags. 


generate tags 


16-bit integer 


Specifies whether to generate tags for this page (0 - no, 1 - j 

yes). 


fixed tag data 


128-bit integer 


This is only valid if generate tags is set 


tag vertical scale factor 


16- bit integer 


Scale factor in vertical direction from tag data resolution to tar- 
get resolution. Valid range = 1-51 1. Integer scaling only 


tag horizontal scale factor 


16-bit integer 


Scale factor in horizontal direction from tag data resolution to 
target resolution. Valid range = 1-51 1. Integer scaling only. 


bHevei layer vertical scale factor 


16-bit integer 


Scale factor in vertical direction from bMevef resolution to tar- 
get resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the tower 8 bits the denominator. 



. SoPEC relics on dither matrices and tag structures to have already been set up, but these are not considered to be part of a general 
format. It is trivial to extend the page format to allow exact specification of dither matrices and tag structures. 
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Table 3. Page header format 



bMevel layer horizontal scald fec- 
tor 



Lift 



.mr- 



16-bit Integer 



Scale factor in horizontal direction from bMevel resolution to 
target resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



bMevel layer page width 



16-bit integer 



Width of bHevel layer page, in pixels. 



bMevel layer page height 



32-bit integer 



Height of bHevel layer page, in pixels. 



contone flags 



16 bit integer 



Defines the color conversion that is required for the JPEG 
data. 

Bits 2-0 specify how many contone planes there are (e.g. 3 for 
CMY and 4 for CMYK). 

Bit 3 specifies whether the first 3 color planes need to be con- 
verted back from YCrCb to CMY. Only valid if b2-0 = 3 or 4. 

0 - no conversion, leave JPEG colors alone 

1 - color convert 

Bits 7-4 specifies whether the YCrCb was generated cSrectty 
from CMY, or whether It was convened to RGB first via the 
step: R = 255-C. G = 255-M, B = 255-Y. Each of the color 
planes can be individually inverted. 
Bit 4: 

0 - do not invert color plane 0 

1 - invert color plane 0 
Bit 5: 

0 - do not invert color plane 1 

1 - invert color plane 1 
Bit 6: 

0 - do not invert color plane 2 

1 - Invert color plane 2 
Bit 7: 

0 - do not invert color plane 3 

1 - invert color plane 3 

Bit 8 specifies whether the contone data is JPEG compressed 
or non-compressed: 

0 - JPEG compressed 

1 - non-compressed 

The remaining bits are reserved (0). 



contone vertical scale factor 



16-bit integer 



Scale (actor in vertical direction from contone channel resolu- 
tion to target resolution. Valid range = 1 -255. May be non-inte- 
ger. 

Expressed as a fraction with upper 8-bits the numerator and 
the tower 8 bits the denominator. 



contone horizontal scale factor 



1 6-bit integer 



Scale factor in horizontal direction from contone channel reso- 
lution to target resolution. Valid range - 1-255. May be non- 
integer. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



contone page width 



16-bit integer 



Width of contone page, In contone pixels. 



contone page height 



32-bit integer 



Height of contone page, in contone pixels. 



reserved 



up to 128 
bytes 



Reserved and 0 pads out page header to multiple of 128 
bytes. 



The page header contains a signature and version which allow the CPU to identify the page header format. 
If the signature and/or version are missing or incompatible with the CPU, then the CPU can reject the 
page. 
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The contone flags define how many contone layers are present, which typically is used for defining 
whether the contone layer is CMY or CMYK. Additionally, if the color planes are CMY ( they can be 
optionally stored as YCrCb, and further optionally color space converted from CMY directly or via RGB. 
Finally the contone data is specified as being either JPEG compressed or non-compressed. 

The page header defines the resolution and size of the target page. The bi-level and contone layers are 
clipped to the target page if necessary. This happens whenever the bi-level or contone scale factors are not 
factors of the target page width or height. 

The target left, top, right and bottom margins define the positioning of the target page within the printable 
page area 

The tag parameters specify whether or not Netpage tags should be produced for this page and what orien- 
tation the tags should be produced at (landscape or portrait mode). The fixed tag data is also provided 
The contone, bi-level and tag layer parameters define the page size and the scale factors. 

8. 1 Z 2 Band format 

Table 4 shows the format of the page band header. 

Table 4. Band header format 





mom. 




signature . 


16-bit integer 


Page band header format signature. 


version 


16-bit integer 


Page band header format version number. 


structure size 


16-bit Integer 


Size of page band header. 


bi-level layer band height 


16-bit integer 


Height of bi-level layer band, in black pixels. 


bi-level layer band data size 


32-bit integer 


Size of b Novel layer band data, in bytes. 


contone band height 


16-bit integer 


Height of contone band, In contone pixels. 


contone band data size 


32-bit integer 


Size of contone plane band data, in bytes. 


tag band height 


16-bit integer 


Height of tag band, In dots. 


tag band data size 


32 -bit integer 


Size of unenooded tag data band, in bytes. 
Can be 0 which indicates that no tag data is 
provided. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out band header to 
multiple of 128 bytes. 



The bi-level layer parameters define the height of the black band, and the size of its compressed band data. 
The variable-size black data follows the page band header. 

The contone layer parameters define the height of the contone band, and the size of its compressed page 
data. The variable-size contone data follows the black data. 

The tag band data is the set of variable tag data half-lines as required by the tag encoder. The format of the 
tag data is found in Section 26.5.2. The tag band data follows the contone data. 

Table 5 shows the format of the variable-size compressed band data which follows the page band header. 
Table 5. Page band data format 







3 




black data 


Modified G4 facsimile bitstream 1 


Compressed bi-level layer. 


contone data 


JPEG bytestream 


Compressed contone datalayer. 


tag data map 


Tag data array 


Tag data format. See Section 26.5.2. 
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r See section 8.1 .2.3 on page 31 for note regarding the use of this standard 

The start of each variable-size segment of band data should be aligned to a 256-bit DRAM word boundary. 

The following sections describe the format of the compressed bi-level layers and the compressed contone 
layer, section 26.5.1 on page 365 describes the format of the tag data structures. 

8.1.2.3 BNevei data compression 

The (typically 1600 dpi) black bi-level layer is losslessly compressed using Silverbrook Modified Group 4 
(SMG4) compression which is a version of Group 4 Facsimile compression [18] without Huffman and 
with simplified run length encodings. Typically compression ratios exceed 10:1. The encoding are listed in 
Table 6 and Table 7 



Table 6. Bl-Level group 4 facsimile style compression encodings 





SB 




E 


1000 


Pass Command: aO 4- b2, skip next two edges 


1 


Vertical(O): aO <- b1 . color = lcolor 


& 


110 


Vertical(l): aO <- b1 + 1 , color = lcolor 


S I 


010 


Vertical(-I): aO <- bl - 1 , color = (color 


l| 


110000 


Vertical(2): aO «- 01 + 2, color = lcolor 


So 


010000 


Vertical(-2): aO «- bl - 2, color = lcolor 


> this 
i tation 


100000 


Vertical(3): aO 4- b1 + 3, color = lcolor 


000000 


Verticat(-3): aO <- b1 - 3, color = lcolor 


Unique tc 
implemer 


<RLxRL>100 


Horizontal: aO <- aO + <RL> + <RL> 



SMG4 has a pass through mode to cope with local negative compression. Pass through mode is activated 
by a special run-length code. Pass through mode continues to either end of line or for a pre-programmed 
number of bits, whichever is shorter. The special run-length code is always executed as a run-length code, 
followed by pass through. The pass through escape code is a medium length run-length with a run of less 
than or equal to 31. 



Table 7. Run length (RL) encodings 



SSI 








RRRRR1 


Short Black Runlength (5 bits) 




RRRRR1 


Short White Runlength (5 bits) 




RRRRRRRRRR10 


Medium Black Runlength (10 bits) 




RRRRRRRR10 


Medium White Runlength (8 bits) 




RRRRRRRRRR10 


Medium Black Runlength with RRRRRRRRRR <= 31. 


C 
tn O 




Enter pass through 


B "§ 


RRRRRRRR10 


Medium White Runlength with RRRRRRRR <= 31 . 


o c 

— CD 

« E 




Enter pass through 


If 


RRRRRRRRRRRRRRROO 


Long Black Runlength (1 5 bits) 




RRRRRRRRRRRRRRROO 


Long White Runlength (15 bits) 
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Since the compression is a bitstream, the encodings are read right (least significant bit) to left (most signif- 
icant bit). The run lengths given as RRRR in Table 7 are read in the same way (least significant bit at the 
right to most significant bit at the left). 

Each band of bi-level data is optionally self contained. The first line of each band therefore is based on a 
'previous* blank line or the last line of the previous band. 



The Group 3 Facsimile compression algorithm [18] losslessly compresses bi-level data for transmission ♦ 
over slow and noisy telephone lines. The bi-level data represents scanned black text and graphics on a 
white background, and the algorithm is tuned for this class of images (it is explicitly not tuned, for exam- 
ple, for halfioned bi-level images). The ID Group 3 algorithm runlength-encodes each scanline and then 
Huffman-encodes the resulting runlengths. Runlengths in the range 0 to 63 are coded with terminating 
codes. Runlengths in the range 64 to 2623 are coded with make-up codes, each representing a multiple of 
64, followed by a terminating code. Runlengths exceeding 2623 are coded with multiple make-up codes 
followed by a terminating code. The Huffman tables are fixed, but are separately tuned for black and white 
runs (except for make-up codes above 1728, which are common). When possible, the 2D Group 3 algo- 
rithm encodes a scanline as a set of short edge deltas (0, ±1 , ±2, ±3) with reference to the previous scan- 
line. The delta symbols are entropy-encoded (so that the zero delta symbol is only one bit long etc.) Edges 
within a 2D-encoded line which can't be delta-encoded are runlength-encoded, and are identified by a pre- 
fix. ID- and 2D-encoded lines are marked differently. ID-encoded lines are generated at regular intervals, 
whether actually required or not, to ensure that the decoder can recover from line noise with minimal 
image degradation. 2D Group 3 achieves compression ratios of up to 6:1 [28]. 

The Group 4 Facsimile algorithm [18] losslessly compresses bi-level data for transmission over error-free 
communications lines (i.e. the lines are truly error-free, or error-correction is done at a lower protocol 
level). The Group 4 algorithm is based on the 2D Group 3 algorithm, with the essential modification that 
since transmission is assumed to be error-free, 1 D-encoded lines are no longer generated at regular inter- 
vals as an aid to error-recovery. Group 4 achieves compression ratios ranging from 20:1 to 60:1 for the 
CCITT set of test images [28] . 

The design goals and performance of the Group 4 compression algorithm qualify it as a compression algo- 
rithm for the bi-level layers. However, its Huffman tables are tuned to a lower scanning resolution (1 00- 
400 dpi), and it encodes runlengths exceeding 2623 awkwardly. 



The contone layer. (CMYK) is either a non-compressed bytestream or is compressed to an interleaved 
JPEG bytestream. The JPEG bytestream is complete and self-contained. It contains all data required for 
decompression, including quantization and Huffman tables. 

The contone data is optionally converted to YCrCb before being compressed (there is no specific advan- 
tage in color-space converting if not compressing). Additionally, the CMY contone pixels are optionally 
converted (on an individual basis) to RGB before color conversion using R=255-C, G=255-M, B=255-Y. 
Optional bitwise inversion of the K plane may also be performed Note that this CMY to RGB conversion 
is not intended to be accurate for display purposes, but rather for the purposes of later converting to 
YCrCb. The inverse transform will be applied before printing. 



The JPEG compression algorithm (23) lossily compresses a contone image at a specified quality level. It 
introduces imperceptible image degradation at compression ratios below 5:1, and negligible image degra- 
dation at compression ratios below 10:1 [29]. 



• 8.1.2.3.1 Group 3 and 4 facsimile compression 



Contone data compression 



8.1.2.4.1 JPEG compression 
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JPEG typically first transforms the image into a color space which separates luminance and chrominance 
into separate color channels. This allows the chrominance channels to be subsampled without appreciable 
loss because of the human visual system's relatively greater sensitivity to luminance than chrominance. 
After this first step, each color channel is compressed separately. 

The image is divided into 8x8 pixel blocks. Each block is then transformed into the frequency domain via 
a discrete cosine transform (DCT). This transformation has the effect of concentrating image energy in rel- 
atively lower-frequency coefficients, which allows higher-frequency coefficients to be more crudely quan- 
tized. This quantiza t ion is the principal source of compression in JPEG. Further compression is achieved 
by ordering coefficients by frequency to maximize the likelihood of adjacent zero coefficients, and then 
runlength-encoding runs of zeroes. Finally, the runlengths and non-zero frequency coefficients are entropy 
coded. Decompression is the inverse process of compression. 

8.1.2.4.2 Non-compressed format 

If the contone data is non-compressed, it must be in a block-based format bytestream with the same pixel 
order as would be produced by a JPEG decoder. The bytestream therefore consists of a series of 8x8 block 
of the original image, starting with the top left 8x8 block, and working horizontally across the page (as it 
will be printed) until the top rightmost 8x8 block, then the next row of 8x8 blocks (left to right) and so on 
until the lower row of 8x8 blocks (left to right). Each 8x8 block consists of 64 8-bit pixels for color plane 
0 (representing 8 rows of 8 pixels in the order top left to bottom right) followed by 64 8-bit pixels for color 
plane 1 and so on for up to a maximum of 4 color planes. 

If the original image is not a multiple of 8 pixels in X or Y, padding must be present (the extra pixel data 
will be ignored by the setting of margins). 

8.1.2.4.3 Compressed format 

If the contone data is compressed the first memory band contains JPEG headers (including tables) plus 
MCUs (minimum coded units). The ratio of space between the various color planes in the JPEG stream is 
1:1:1:1. No subsampling is permitted. Banding can be completely arbitrary i.e there can be multiple JPEG 
images per band or 1 JPEG image divided over multiple bands. The break between bands is only memory 
alignment based. 

8.1.2.4.4 Conversion of RGB to YCrCb (in RIP) 

YCrCb is defined as per CCIR 601-1 [20] except that Y, Cr and Cb are normalized to occupy all 256 levels 
of an 8-bit binary encoding and take account of the actual hardware implementation of the inverse trans- 
form within SoPEC 

The exact color conversion computation is as follows: 

* Y* - (9805/32768)R + (1923 5/3 276 8)G + (3728/32768)B 

♦ Cr* - (16375/32768)R - (13716732768)G - (2659/32768)B + 128 

• Cb* - -(5529/32768)R - (1 084673 2768)G + (16375/32768)B + 128 

Y t Cr and Cb are obtained by rounding to the nearest integer. There is no need for saturation since ranges 
of Y*, Cr* and Cb* after rounding are {0-255], [1-255] and [1-255] respectively. Note that full accuracy is 
possible with 24 bits. See [14] for more information. 
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9 Overview 



The Small Office Home Office Print Engine Controller (SoPEC) is a page rendering engine ASIC that 
takes compressed page images as input, and produces decompressed page images at up to 6 channels of bi- 
level dot data as output. The bi-level dot data is generated for the Memjet bi-lithic printhead. The dot gen- 
eration process takes account of printhead construction, dead nozzles, and allows for fixative generation. 
A single SoPEC can control 2 bi-lithic printheads and up to 6 color channels at 10,000 lines/sec 1 equating 
to 30 pages per minute. A single SoPEC can perform full-bleed printing of A3, A4 and Utter pages. The 6 
channels of colored ink are the expected maximum in a consumer SOHO, or office Bi-lithic printinR envi- 
ronment: 

• CMY, for regular color printing. 

• K, for black text, line graphics and gray-scale printing. 

• IR (infrared), for Netpage-enabied [5] applications. 

• F (fixative), to enable printing at high speed . Because the bi-lithic printer is capable of printing so fast 
a fixative may be required to enable the ink to dry before the page touches the page already printed 
Otherwise the pages may bleed on each other. In low speed printing environments the fixative may not 
be required. 

. SoPEC is color space agnostic. Although it can accept contone data as CMYX or RGBX, where X is an 
optional 4th channel, it also can accept contone data in any print color space. Additionally, SoPEC pro- 
vides a mechanism for arbitrary mapping of input channels to output channels, including combining dots 
tor ink optimization, generation of channels based on any number of other channels etc. However inputs 
are typically CMYK for contone input, K for the bi-level input, and the optional Netpage tag dots are typ- 
ically rendered to an infra-red layer. A fixative channel is typically generated for fast printing applications. 

SoPEC is resolution agnostic. It merely provides a mapping between input resolutions and output resolu- 
tions by means of scale factors. The expected output resolution is 1600 dpi, but SoPEC actually has no 
knowledge of the physical resolution of the Bi-lithic printhead. 

SoPEC is page-length agnostic. Successive pages are typically split into bands and downloaded into the 
page store as each band of information is consumed and becomes free. 

SoPEC provides an interface for synchronization with other SoPECs. This allows simple multi-SoPEC 
solutions for simultaneous A3/A4/Letter duplex printing. However, SoPEC is also capable of printing only 
a portion of a page image. Combining synchronization functionality with partial page rendering allows 
multiple SoPECs to be readily combined for alternative printing requirements including simultaneous 
duplex pnnting and wide format printing. 

Table 8 lists some of the features and corresponding benefits of SoPEC. 
Table 8. Features and Benefits of SoPEC 



lliiMi^SIilPifiri 


m&mmmwEmmi 


wpwrusea pnnt architecture in hardware 


30ppm fufl page photographic quality color printing 
from a desktop PC 


0.13micron CMOS 
(>3 million transistors) 


High speed 

Low cost 

High functionality 



1 . 1 0,000 lines per second equates to 30 A4/Lctter pages per minute at 1 600 dpi 
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Table 8. Features and Benefits of SoPEC 







900 Million dots per second 


Extremely fast page generation 


10,000 lines per second at 1600 dpi 


0.5 A4/Letter pages per SoPEC chip per second 


1 chip drives up to 133,920 nozzles 


Low cost page-width printers 


1 chip drives up to 6 color planes 


99% of SoHo printers can use 1 SoPEC device 


Integrated DRAM 


No external memory required, leading to low cost ; 
systems 


Power saving sleep mode 


SoPEC can enter a power saving sleep mode to 

reduce OrtW*»r Hfe<%ir*AKnn hafaiaaw nt«*t* inKr 

icyuwc puwci u i *o i f><* tBj 1 1 ueiwcvfi pnni JOOS 


JPEG expansion 


Low bandwidth from PC 

Low memory requirements in printer 


Lossless bftplane expansion 


High resolution text and line art with low bandwidth 

from pr*i /a n nuar 1 ICDV 

iiunt rv \t?.y. over Uod) 


Netpage tag expansion 


ourteraies (nieracuve paper 


Stochastic disnerspd rfnt tilth t^r 


Optically smooth image quality 
No moire effects 


Hardware compositor for 6 image planes 


Pages composited in real-time 


Dead nozzle compensation 


Extends printhead life and yield 
Reduces printhead cost 


Color space agnostic 


Compatible with all Inksets and image sources 
Including RGB, CMYK, spot, CIE L*a*b\ hex- 
achrome, YCrCbK. sRGB and other 


Color space conversion 


Higher quality / lower bandwidth 


Computer interface 


USB1.1 Interface to Host and ISI interface to ISI- 
Bridge chip thereby allowing connection to IEEE 
1394, Bluetooth etc. 


Cascadable in resolution 


Printers of any resolution 


Cascadable in color depth 


Special color sets e.g. hexachrome can be used \ 


oascaaaoie in image size j 


Printers of any width up to 16 inches 


Cascadable in pages 


Printers can print both sides simultaneously 


Cascadable in speed 


Higher speeds are possible by having each SoPEC 
print one vertical strip of the page. 


fixative channel data generation i 


Extremely fast ink drying without wastage 


Built-in security j 


Revenue models are protected 


Undercolor removal on dbl-by-dot basis 


Reduced ink usage 


Does not require fonts for high speed 
operation 


No font substitution or missing fonts 


Flexible printhead configuration 


Many configurations of printheads are supported by 
one chip type 


Drives BMithlc printheads directly 


No print driver chips required, results in lower cost 


Determines dot accurate ink usage 


Removes need for physical ink monitoring system in 
Ink cartridges 



9,1 Printing rates 

The required printing rate for SoPEC is 30 sheets per minute with an inter-sheet spacing of 4 cm. To 
achieve a 30 sheets per minute print rate, this requires: 
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300mm x 63 (dot/mm) / 2 sec » 1 05.8 ^seconds per line, with no inter-sheet gap. 

340mm x 63 (dot/mm) / 2 sec = 93.3 ^seconds per line, with a 4 cm inter-sheet gap. 

A Printline for an A4 page consists of 13824 nozzles across the page [2]. At a system clock rate of 160 
MHz 13824 dots of data can be generated in 86.4 useconds. Therefore data can be generated fast enough 
to meet the printing speed requirement It is necessary to deliver this print data to the print-heads. 

Printheads can be made up of 5:5, 6:4, 7:3 and 8:2 inch printhead combinations [2], Print data is trans- 
ferred to both print heads in a pair simultaneously. This means the longest time to print a line is determined 
by the time to transfer print data to the longest print segment. There are 9744 nozzles across a 7 inch print- 
head The print data is transferred to the printhead at a rate of 106 MHz (2/3 of the system clock rate) per 
| color plane. This means that it will take 91 .9 \xs to transfer a single line for a 7:3 printhead configuration. 

So we can meet the requirement of 30 sheets per minute printing with a 4 cm gap with a 7:3 printhead 
combination. There are 1 1 160 across an 8 inch printhead To transfer the data to the printhead at 106 MHz 
will take 1053 jis. So an 8:2 printhead combination printing with an inter-sheet gap will print slower than 
30 sheets per minute. 

9.2 SOPEC BASIC ARCHITECTURE 

From the highest point of view the SoPEC device consists of 3 distinct subsystems 

• CPU Subsystem 

• DRAM Subsystem 

• Print Engine Pipeline (PEP) Subsystem 

See Figure 1 3 for a block level diagram of SoPEC. 



9.2.1 CPU Subsystem 

| The CPU subsystem controls and configures all aspects of the other subsystems. It provides general sup- 

port for interfacing and synchronising the external printer with the internal print engine. It also controls the 
low speed communication to the QA chips. The CPU subsystem contains various peripherals to aid the 

I CPU, such as GPIO (includes motor control), interrupt controller, LSS Master and general timers. The 

Serial Communications Block (SCB) on the CPU subsystem provides a full speed USB 1.1 interface to the 
Host as well as an Inter SoPEC Interface (ISI) to other SoPEC devices. 

9.2.2 DRAM Subsystem 

The DRAM subsystem accepts requests from the CPU, Serial Communications Block (SCB) and blocks 
within the PEP subsystem. The DRAM subsystem (in particular the DIU) arbitrates the various requests 
and determines which request should win access to the DRAM. The DIU arbitrates based on configured 
parameters, to allow sufficient access to DRAM for all requestors. The DIU also hides the implementation 
specifics of the DRAM such as page size, number of banks, refresh rates etc. 

9.2.3 Print Engine Pipeline (PEP) subsystem 

The Print Engine Pipeline (PEP) subsystem accepts compressed pages from DRAM and renders them to 
bi-level dots for a given print line destined for a printhead interface that communicates directly with up to 
| 2 segments of a bi-lithic printhead. 

The first stage of the page expansion pipeline is the CDU, LBD and TE. The CDU expands the JPEG-com- 
pressed contone (typically CMYK) layer, the LBD expands the compressed bi-level layer (typically K), 
and the TE encodes Netpage tags for later rendering (typically in IR or K ink). The output from the first 
stage is a set of buffers: the CFU, SFU, and TFU. The CPU and SFU buffers are implemented in DRAM. 
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The second stage is the HCU. which dithers the contone layer, and composites position tags and the bi- 
level spotO layer over the resulting bi-level dithered layer. A number of options exist for the way in which 
compositing occurs. Up to 6 channels of bMevel data are produced from this stage. Note that not all 6 
channels may be present on the printhead. For example, the printhead may be CMY only, with K pushed 
into the CMY channels and IR ignored Alternatively, the position tags may be printed in K if IR ink is not 
available (or for testing purposes). 

The third stage (DNC) compensates for dead nozzles in the printhead by color redundancy and error dif- 
fusing dead nozzle data into surrounding dots. 

The resultant bi-level 6 channel dot-data (typically CMYK-IRF) is buffered and written out to a set of line 
buffers stored in DRAM via the DWU. 

Finally, the dot-data is loaded back from DRAM, and passed to the printhead interface via a dot FIFO. The 
dot FIFO accepts data from the LLU at the system clock rate (pclk\ while the PHI removes data from the 
| FIFO and sends it to the printhead at a rate of 2/3 times the system clock rate (see Section 9.1). 
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CPU sub-system 
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Figure 13. SoPEC System Top Level partition 
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9.3 SoPEC Block Description 

Looking at Figure 13, the various units are described here in summary form: 



Table 9. Units within SoPEC 





isii 




wmimmamm 


ORAM 


DiU 


DRAM interface unit 


Provides the Interface for DRAM read and write access 
for the various SoPEC units, CPU and the SCB block. 
The DIU provides arbitration between competing units 

mntrnln DRAM acy^a^s 




DRAM 


Embedded DRAM 


20Mbits of embedded DRAM, 


CPU 


CPU 


Central Processing Unit 


CPU for system configuration and control 




MMU 


Memory Management Unit 


Limits access to certain memory address areas in CPU 
user mode 




ROU 


Real-time Debug Unit 


Facilitates the observation of the contents of most of the 
CPU addressable registers in SoPEC in addition to 
some pseudo-registers in realtime. 




TIM 


General "Timer 


Contains watchdog and general system timers 




LSS 


Low Speed Serial Interfaces 


Low level controller for interfacing with the OA chips 




GPIO 


General Purpose lOs 


General IO controller, with built-in Motor control unit, 
LED pulse units and de-glitch circuitry 




ROM 


Boot ROM 


16 KBytes of System Boot ROM code 




ICU 


Interrupt Controller Unit 


General Purpose interrupt controller with configurable 
priority, and masking. 




CPR 


Clock. Power and Reset 
block 


Central Unit for controlling and generating the system 
clocks and resets and powerdown mechanisms 




PSS 


Power Save Storage 


Storage retained while system is powered down 




USB 


Universal Serial Bus Device 


USB device controller for interfacing with the Host USB. 




ISI 


Inter-SoPEC Interface 


' ISI controller for data and control communication with 
other SoPEC's in a multi-SoPEC system 




SCB 


Serial Communication Block 


Contains both the USB and ISI blocks. 
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Table 9. Units within SoPEC 





las 






Print Engine 

Pipeline 

(PEP) 


PCU 


PEP controller 


Provides external CPU with the means to read and write 
PEP Unit registers, and read and write DRAM in single 
32-bit chunks. 


CDU 


Contone decoder unit 


Expands JPEG compressed contone layer and writes 
decompressed contone to DRAM 


CFU 


Contone FIFO Unit 


Provides line buffering between CDU and HCU 


LBD 


Lossless BHevel Decoder 


Expands compressed bi- level layer. 


SFU 


Snot FIFO Unit 

v^UL 1 1 ( Villi 


r^ioviutra line LWiienny Dtjrween ldu ana nuu 


TE 


Tag encoder 


Encodes tag data into line of tag dots. 


TFU 


Tag FIFO Unit 


Provides tag data storage between TE and HCU 


HCU 


Halftoner compositor unit 


Dithers contone layer and composites the bt-fevel spot 0 
and position tag dots. 


DNC 


Dead Nozzle Compensator 


Compensates for dead nozzles by color redundancy and 
error diffusing dead nozzle data into surrounding dots. 


DWU 


Dotiine Writer Unit 


Writes out the 6 channels of dot data for a given printfine 
to the line store DRAM 


LLU 


Line Loader Unit 


Reads the expanded page image from line store, format- 
ting the data appropriately for the bi-tithic printhead. 


PHI 


PrintHead Interface 


Is responsible for sending dot data to the bHithic print- 
heads and for providing line synchronization between 
multiple SoPECs. Also provides test interface to print- 
head such as temperature monitoring and Dead Nozzle 
Identification. 



9-4 Addressing scheme in SoPEC 

SoPEC must address 

• 20 Mbit DRAM. 

• PCU addressed registers in PER 

• CPU-subsystem addressed registers. 

SoPEC has a unified address space with the CPU capable of addressing all CPU-subsystem and PCU-bus 
accessible registers (in PEP) and all locations in DRAM. The CPU generates byte-aligned addresses for 
the whole of SoPEC. 

22 bits are sufficient to byte address the whole SoPEC address space. 



9.4.1 DRAM addressing scheme 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbits of DRAM. 

Most blocks read or write 256-bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required. 

• The CPU-subsystem always generates a 22-bit byte-aligned DIU address but it will send flags to the 
DIU indicating whether it is an 8 f 16 or 32-bit write. 
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All DIU accesses must be within the same 256-bit aligned DRAM word 



9.4.2 PEP Unit DRAM addressing 



PEP Unit configuration registers which specify DRAM locations should specify 256-bit aligned DRAM 
addresses i.e. using address bits 21:5. Legacy blocks from PEC 1 e.g. the LBD and TE may need to specify 
64-bit aligned DRAM addresses if these reused blocks DRAM addressing is difficult to modify. These 64- 
bit aligned addresses require address bits 21:3. However, these 64-bit aligned addresses should be pro- 
grammed to start at a 256-bit DRAM word boundary. 

Unlike PEC1 , there are no constraints in SoPEC on data organization in DRAM except that all data struc- 
tures must start on a 256-bit DRAM boundary. If data stored is not a multiple of 256-bits then the last word 
should be padded. 



The CPU-bus supports 32-bit word aligned read and write accesses with variable access timings. See 
tion 1 1 A for more details of the access protocol used on this bus. The CPU-bus does not currently sup 
byte reads and writes but this can be added at a later date if required by imported IP. 



The PCU only supports 32-bit register reads and writes for the PEP blocks. As the PEP blocks only occupy 
a subsection of the overall address map and the PCU is explicitly selected by the MMU when a PEP block 
is being accessed the PCU does not need to perform a decode of the higher-order address bits. See 
Table 1 1 for the PEP subsystem address map. 



9.4.3 CPU-bus addressed registers 



9.4.4 



PCU addressed registers in PEP 
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9.5 SoPEC Memory Map 



9.5.1 Main memory map 



The system wide memory map is shown in Figure 14 below. The memory map is discussed in detail in 
Section 1 1 Central Processing Unit (CPU). 



Accesses in this 
area are not 
a If owed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set in\ 
the MMU. 




OxFFFF_FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x002A_C0O0 
0x002A_0000 
0x0029.0000 
0x0028^0000 




ORAM 

Regions 



OxOOOO.OOOO 



Figure 14. Proposed SoPEC CPU memory map (not to scale) 

9.5.2 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 10 below. The MMU 
performs the decode of cpu_adr[21:J2] to generate the relevant cpujblock select signal for each block. 
The addressed blocks decode however many of the lower order bits of cpu_adr[ll:2] are required to 
address all me register within the block. 

Table 10. CPU-bus peripherals address map 



mmm 




MMU_base 


0x0029_0000 "~" 


TJM_base 


0x0029_1000 


LSS_base 


0x0029^2000 


GPJO_base 


OxO029_30O0 


SCBJ>ase 


0x0029.4000 
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Table 10. CPU-bus peripherals address map 



S£S§«i20 


MkmmmMwm 


ICU_base 


0x0029_5000 


CPR__base 


0x0029^6000 


ROM_base 


0x0029_7000 


DILLbase 


0x0029_8000 


PSS_base 


0x0029^9000 


Reserved 


0xOO29_A000 to Ox0029_FFFF 


PCU_base 


Ox002AJ)000 to OxO02A_BFFF 



9.5.3 PCU Mapped Registers (PEP blocks) address map 

The PEP blocks are addressed via the PCU. From Figure 14, the PCU mapped registers are in the range 
Ox002A_0000 to 0x002 AJBFFF. From Table 1 1 it can be seen that there are 1 2 sub-blocks within the PCU 
address space. Therefore, only four bits are necessary to address each of the sub-blocks within the PEP 
part of SoPEC. A further 12 bits may be used to address any configurable register within a PEP block. This 
gives scope for 1024 configurable registers per sub-block (the PCU mapped registers are all 32-bit 
addressed registers so the upper 10 bits are required to mdrviduaUy address them). This address will come 
either from the CPU or from a command stored in DRAM. The bus is assembled as follows: 

• address[l 5:1 2] - sub-block address, 

• address[n:2J » register address within sub-block, only the number of bits required to decode the regis- 
ters within each sub-block are used, 

• address! 1 '0] - byte address, unused as PCU mapped registers are all 32-bit addressed registers. 

So for the case of the HCU, its addresses range from 0x7000 to 0x7FFF within the PEP subsystem or from 
0xOO2AJ7OOO to 0x002A_7FFFF in the overall system. 



Table 1 1 . PEP blocks address map 



wmmmmmmmmm 


PCCLbase 


Ox002A_0000 


CDLLbase 


Ox002A_1000 


CFU_ba.se 


Ox002A_20O0 


LBO_base 


OxO02A_30OO 


SFU_base 


Ox002A_4000 


TE_base 


Ox002A_5000 


TFU_base 


0xO02A_6O00 


HClLbase 


0x002A_7000 


DNC.base 


0x002A_8000 


DWU_base 


Ox002A_9000 


LLU_base 


0xO02A_A000 


PHI_base 


Ox0O2A_B000 to 0x002A_BFFF 
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9.6 



Buffer management in SoPEC 



As outlined in Section 9.1, SoPEC has a requirement to print 1 side every 2 seconds i.e. 30 sides 
minute. 



Approximately 2 Mbytes of DRAM are reserved for compressed page buffering in SoPEC. If a page is 
compressed to fit within 2 Mbyte then a complete page can be transferred to DRAM before printing. How- 
ever, the time to transfer 2 Mbyte using USB 1.1 is approximately 2 seconds. The worst case cycle time to 
print a page then approaches 4 seconds. This reduces the worst-case print speed to 1 5 pages per minute. 



The SoPEC page-expansion blocks support the notion of page banding. The page can be divided into 
bands and another band can be sent down to SoPEC while we are printing the current band. 
Therefore we can start printing once at least one band has been downloaded. 

The band size granularity should be carefully chosen to allow efficient use of the USB bandwidth and 
DRAM buffer space. It should be small enough to allow seamless 30 sides per minute printing but not so 
small as to introduce excessive CPU overhead in orchestrating the data transfer and parsing the band head- 
ers. Band-finish interrupts have been provided to notify the CPU of free buffer space. It is likely that the 
Host PC will supervise the band transfer and buffer management instead of the SoPEC CPU. 

If SoPEC starts printing before the complete page has been transferred to memory there is a risk of a buffer 
undemin occurring if subsequent bands are not transferred to SoPEC in time e.g. due to insufficient USB 
bandwidth caused by another USB peripheral consuming USB bandwidth. A buffer underrun occurs if a 
line synchronisation pulse is received before a line of data has been transferred to the printhead and causes 
the print job to fail at that line. If there is no risk of buffer underrun then printing can safely start once at 
least one band has been downloaded. 

If there is a risk of a buffer underrun occurring due to an interruption of compressed page data transfer, 
then the safest approach is to only start printing once we have loaded up the data for a complete page. This 
means that a worst case latency in the region of 2 seconds (with USBL1) will be incurred before printing 
the first page. Subsequent pages will take 2 seconds to print giving us the required sustained printing rate 
of 30 sides per minute. 

A Storage SoPEC (Section 7.2.5) could be added to the system to provide guaranteed bandwidth data 
delivery. The print system could also be constructed using an ISl-Bridge chip (Section 7.2.6) to provide 
guaranteed data delivery. 

The most efficient page banding strategy is likely to be determined on a per page/ print job basis and so 
SoPEC will support the use of bands of any size. 



9.6.1 



Page buffering 



9.6.2 



Band buffering 
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10 SoPEC Use Cases 



10.1 Introduction 

This chapter is intended to give an overview of a representative set of scenarios or use cases which SoPEC 
can perform. SoPEC is by no means restricted to the particular use cases described here. 

In this chapter we discuss SoPEC use cases under four headings: 

1 ) Normal operation use cases. 

2) Security use cases. 

3) Miscellaneous use cases. 

4) Failure mode use cases. 

Use cases for both single and multi-SoPEC systems are outlined. 
Some tasks may be composed of a number of sub-tasks. 

The realtime requirements for SoPEC software tasks are discussed in "Central Processing Unit (CPU)" 
under Section 1 1.3 Realtime requirements. 



10.2 Normal operation in a single SoPEC System with USB Host connection 

SoPEC operation is broken up into a number of sections which are outlined below. Buffer management in 
a SoPEC system is normally performed by the Host. 

10.2.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 
A typical powerup sequence is: 

1 ) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. USB Wakeup. 

4) Download and authentication of program (see Section 10.5.2). 

5) Store reusable authentication results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

8) Download and authenticate any further datasets. 

10.2.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
(chapter 16). Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and 
power-safe storage (PSS) will still be enabled 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. In a single SoPEC system, wakeup can be initiated following a USB reset from the SCB. 
A typical USB wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 
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4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.2). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) Download and authenticate using results in PSS of any further datasets (programs). 

10.2.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via Q A chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 

10.2.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 
First page, first band download and processing: 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and writes directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining bands download and processing: 

1) Check DRAM space remaining is sufficient to download the next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

1 0.2.5 Start printi ng 

1 ) Wait until at least one band of the first page has been downloaded. 

One approach is to only start printing once we have loaded up the data for a complete page. If we 
start printing before the complete page has been transferred to memory we run the risk of a buffer 
underrun occurring because compressed page data was not transferred to SoPEC in time e.g. due to 
insufficient USB bandwidth caused by another USB peripheral consuming USB bandwidth. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes. A rapid startup order for the PEP units is outlined in Table 1 2. 



Table 12. Typical PEP Unit startup order for printing a page. 









HI 


1 


DIMC 


2 


DWU 


3 


HCU 
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Table 12. Typical PEP Unit startup order for printing a page. 

4 PHI 



5 



LLU 



6 



CFU, SFU.TFU 



7 



CDU 



8 



TE, L8D 



3) Print ready interrupt occurs (from PHI). 

4) Start motor control, if first page, otherwise feed the next page. This step could occur before the print 
ready interrupt. 

5) Drive LEDs, monitor paper status. 

6) Wait for page alignment via page sensor(s) GPIO interrupt 

7) CPU instructs PHI to start producing line syncs and hence commence printing, or wait for an exter- 
nal device to produce line syncs. 

8) Continue to download bands and process page and band headers for next page. 



When the finished band flags are asserted band related registers in the CDU, LBD, TE need to be re-pro- 
grammed before the subsequent band can be printed This can be via PCU commands from DRAM. Typi- 
cally only 3-5 commands per decompression unit need to be executed. These registers can also be 
reprogrammed directly by the CPU or most likely by updating from shadow registers. The finished band 
flag interrupts the CPU to tell the CPU that the area of memory associated with the band is now free. 



Typically during page printing ink usage is communicated to the Q A chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 



These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. 

2) Shutdown the PEP blocks by de-asserting their Go registers. A typical shutdown order is defined in 
Table 13. This will set the PEP Unit state-machines to their idle states without resetting their config- 
uration registers. 

3) Communicate ink usage to QA chips, if required. 



10.2.6 Next page(s) download 

As for first page download, performed during printing of current page. 



10.2.7 



Between bands 



10.2.8 During page print 



10.2.9 Page finish 
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Table 13. End of page shutdown order for PEP Units (TBO). 



mm 




MM 


1 


PHI (will shutdown by itself in the norma! case at the end of a page) 


2 


DWU (shutting this down stalls the DNC and therefore the HCU and above) 


3 


LLU (should already be halted due to PHI at end of last tine of page) 


4 


TE (this Is the only dot supplier likely to be running, halted by the HCU) 


5 


CDU (this is fikely to already be halted due to end of contone band) 


6 


CFU. SFU, TFU, LSD (order unimportant, and should already be halted due to end of ' 
band) 


7 


HCU. DNC (order unimportant should already have halted) 



1 0.2.1 0 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

10.2.11 End of document 

1) Stop motor control. 



10.2.12 Powerdown 

In this mode SoPEC is no longer powered 

1) Instruct Host PC via USB that SoPEC is about to power down. 



10.2.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
described in Section 16. 

1 ) Instruct Host PC via USB that SoPEC is about to sleep. 

2) Put SoPEC into defined sleep mode. 
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10.3 Normal operation in a Multi-SoPEC System - ISIMaster SoPEC 

In a multi-SoPEC system the Host generally manages program and compressed page download to all the 
SoPECs. Inter-SoPEC communication is over the ISI link which will add a latency. 

In the case of a multi-SoPEC system with a USB LI connection, the SoPEC with the USB connection is 
the ISIMaster. The ISI-bridge chip is the ISIMaster in the case of an ISI-Bridge SoPEC configuration. 

In a multi-SoPEC system one of the SoPECs will be the PrintMaster. This SoPEC must manage and con- 
trol sensors and actuators e.g. motor control. These sensors and actuators could be distributed over all the 
SoPECs in the system. An ISIMaster SoPEC may also be the PrintMaster SoPEC. 

In a multi-SoPEC system each printing SoPEC will generally have its own PRTJNTER^QA chip (or at least 
access to a PRINTER.QA chip that contains the SoPECs SOPECJdJcey) to validate operating parame- 
ters and ink usage. The results of these operations may be communicated to the PrintMaster SoPEC. 

In general the ISIMaster may need to be able to: 

• Send messages to the ISISlaves which will cause the ISISlaves to send their status to the ISIMaster. 

• Instruct the ISISlaves to perform certain operations. 

As the ISI is an insecure interface commands issued over the ISI are regarded as user mode commands. 
Supervisor mode code running on the SoPEC CPUs will allow or disallow these commands. The software 
protocol needs to be constructed with this in mind. 

Existing requirements indicate that it is sufficient for the ISIMaster to initiate all communication with the 
ISISlaves. 

SoPEC operation is broken up into a number of sections which are outlined below. 

10.3.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation USB Wakeup 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program (see Section 1 0.5.3). 

6) Store reusable cryptographic results in Power-Safe Storage (PSS). 

7) Execution of program from DRAM. 

8) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

9) Download and authenticate any further datasets (programs). 

10) The initial dataset may be broadcast to all the ISISlaves. 

1 1) ISIMaster master SoPEC then waits for a short time to allow the authentication to take place on the 
ISISlave SoPECs. 

12) Each ISISlave SoPEC is polled for the result of its program code authentication process. 

13) If all ISISlaves report successful authentication the OEM code module can be distributed and 
authenticated. OEM could will most likely reside on one SoPEC. 

10.3.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled 
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Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. For an ISIMaster SoPEC, wakeup can be initiated following a USB reset from the SCB. 

A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation* if required. 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRJNTER_QA and authenticate operating parameters. 

8) Download and authenticate any further datasets (programs) using results in Power- Safe Storage 
(PSS) (see Section 10.5.3). 

9) Following steps as per Powerup. 

1 0.3.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips which may be present on a ISISlave SoPEC. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. Instruct ISISlaves to also perform this operation. 

4) Initiate printhead pre-heat sequence, if required. Instruct ISISlaves to also perform this operation 

10.3.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

10.3.5 Start printing 

1) Wait until at least one band of the first page has been downloaded 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the suggested order defined in Table 12. 

3) Print ready interrupt occurs (from PHI). Poll ISISlaves until print ready interrupt. 
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4) Start motor control (which may be on an ISISlaves SoPEC), if first page, otherwise feed the next 
page. This step could occur before the print ready interrupt. 

5) Drive LEDS, monitor paper status (which may be on an ISISlaves SoPEC). 

6) Wait for page alignment via page sensors) GPIO interrupt (which may be on an ISISlaves SoPEC). 

7) CPU instructs PHI to start producing master line syncs, or wait for an external device to produce 
line syncs. 

8) Continue to download bands and process page and band headers for next page. 

10.3.6 Next page(s) download 

As for first page download, performed during printing of current page. 

10.3.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU, tell the CPU that the area of 
memory associated with the band is now free. 



10.3.8 During page print 



Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 



10.3.9 Page finish 



These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. Poll ISISlaves for page finished interrupts. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ink usage to QA chips, if required. 



10.3.10 Start of next page 



These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



1 0.3.1 1 End of document 

I) Stop motor control. This may be on an ISISlave SoPEC. 

10.3.12 Powerdown 

In this mode SoPEC is no longer powered, 

1) Instruct Host PC via USB that SoPEC system is about to power down. 

2) Instruct ISISlave SoPECs to powerdown. 

3) Powerdown ISIMaster SoPEC. 
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10.3.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. 

1) Instruct Host PC via USB which parts of SoPEC system are about to sleep. 

2) Put defined SoPECs into defined sleep modes. 
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10.4 Normal operation in a Multi-SoPEC System - ISISlave SoPEC 

This section the outline typical operation of an ISISlave SoPEC in a multi-SoPEC system. The ISIMaster 
can be another SoPEC or an ISI-Bridge chip. The ISISlave communicates with the Host via the ISIMaster 
Buffer management in a SoPEC system is normally performed by the Host. 

10.4.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset 
A typical powerup sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. 

4) Download and authentication of program (see Section 10.5.3). 

5) Store reusable cryptographic results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

9) Download and authenticate any further datasets, 

10.4.2 ISlwakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled: In an ISISlave SoPEC, wakeup can be initiated following an ISI reset from the SCB. 

A typical ISI wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRENTER_QA and authenticate operating parameters. 

7) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISHd to ISIMaster. 

8) Download and authenticate any further datasets. 

10.4.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from ISIMaster to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 
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10.4.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host via the ISIMaster. 

1) Check DRAM space remaining is sufficient to download the first band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete page header has been downloaded, process the page header, calculate PEP reg- 
ister commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.4.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the order defined in Table 12. 

3) Print ready interrupt occurs (from PHI). Communicate to ISIMaster via ISI link. 

4) Start motor control, if attached to this ISISlave, when requested by ISIMaster, if first page, other- 
wise feed next page. This step could occur before the print ready interrupt 

5) Drive LEDS, monitor paper status, if on this ISISlave SoPEC, when requested by ISIMaster 

6) Wait for page alignment via page sensor(s) GPIO interrupt, if on this ISISlave SoPEC, and send to 
ISIMaster. 

7) Wait for line sync and commence printing. 

8) Continue to download bands and process page and band headers for next page. 

1 0.4.6 Next page (s) download 

As for first band download, performed during printing of current page. 

10.4.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU tell the CPU that the area of 
memory associated with the band is now free. 

10.4.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 
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10.4.9 Page finish 



These 



operations are typically performed when the page is finished: 

Page finished interrupt occurs from PHI. Communicate page finished interrupt to ISIMaster. 
Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 1 3. This 
will set the PEP Unit state-machines to their startup states. 
Communicate ink usage to QA chips, if required. 



1) 
2) 



3) 



10.4.10 Start of next page 



These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



10.4.11 End of document 

Stop motor control, if attached to this ISISlave, when requested by ISIMaster. 

10.4.12 Powerdown 

In this mode SoPEC is no longer powered 

1) Powerdown IS I Slave SoPEC when instructed by ISIMaster. 

10.4.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 



[16]. 



I) Put SoPEC into defined sleep modes. 
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10.5 Security Use Cases 

Please see the 'SoPEC Security Overview* [9] document for a more complete description of SoPEC secu- 
rity issues. The SoPEC boot operation is described in the ROM chapter of the SoPEC hardware design 
specification, Section 17.2. 

10.5.1 Communication with the OA chips 

Communication between SoPEC and the QA chips (i.e. INK_QA and PRINTER.QA) wilf take place on 
at least a per power cycle and per page basis. Communication with the Q A chips has three principal pur* 
poses: validating the presence of genuine QA chips (i.e the printer is using approved consumables), valida- 
tion of the amount of ink remaining in the cartridge and authenticating the operating parameters for the 
printer. After each page has been printed, SoPEC is expected to communicate the number of dots fired per 
ink plane to the QA chipset. SoPEC may also initiate decoy communications with the QA chips from time 
to time. 

Process: 

• When validating ink consumption SoPEC is expected to principally act as a conduit between the 
PRINTER_QA and INK_QA chips and to take certain actions (basically enable or disable printing and 
report status to Host PC) based on the result The communication channels are insecure but all traffic is 
signed to guarantee authenticity. 

Known Weaknesses 

• All communication to the QA chips is over the LSS interfaces using a serial communication protocol. 
This is open to observation and so the communication protocol could be reverse engineered In this 
case both the PRINTER_QA and INICQA chips could be replaced by impostor devices (e.g. a single 
FPGA) that successfully emulated the communication protocol. As this would require physical modifi- 
cation of each printer this is considered to be an acceptably low risk. Any messages that are not signed 
by one of the symmetric keys (such as the SoPEC_idJeey) could be reverse engineered. The imposter 
device must also have access to the appropriate keys to crack the system. 

• If the secret keys in the QA chips are exposed or cracked then the system, or parts of it, is compro- 
mised. 

Assumptions: 

[1] The QA chips are not involved in the authentication of downloaded SoPEC code 

[2 ] The QA chip in the ink cartridge (INK„QA) does not directly affect the operation of the cartridge in 

any way i.e. it does not inhibit the flow of ink etc. 
[3] The INK_QA and PRINTER^ A chips are identical in their virgin state. They only become a 

INK^QA or PRINTER_QA after their FlashROM has been programmed. 



10.5.2 Authentication of downloaded code in a single SoPEC system 
Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The program is downloaded to the embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Sil verbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
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RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) If, as is very likely, the downloaded program wishes to download subsequent programs (such as 
OEM code) it is responsible for ensuring the authenticity of everything it downloads. The down- 
loaded program may contain public keys that are used to authenticate subsequent downloads, thus 
forming a hierarchy of authentication. The SoPEC ROM does not control these authentications - it 
is solely concerned with verifying that the first program downloaded has come from a trusted 
source. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 l)The OEM code is expected to perform some simple 4 turn on the lights' tasks after which the Host 
PC is informed that the printer is ready to print and the Start Printing use case comes into play. 
Known Weaknesses: 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. A 
ROM mask change would be required to reprogram the bootOkey. 

10.5.3 Authentication of downloaded code in a multi-SoPEC system 

10.5.3.1 iSf Master SoPEC Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The SCB is configured to broadcast the data received from the Host PC. 

3) The program is downloaded to the embedded DRAM and broadcasted to all ISISlave SoPECs over 
thelSI. 

4) The CPU calculates a SHA-1 hash digest of the downloaded program. 

5) The ResetSrc register in the CPR block is read to detennine whether or not a power-on reset 
occurred. 

6) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-l hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

7) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified 

8) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

9) If the hash values match then the CPU starts executing the downloaded program. 

1 0) It is likely that the downloaded program will poll each ISISlave SoPEC for the result of its authenti- 
cation process and to determine the number of slaves present 

1 1) If any slave reports a failed authentication then the ISIMaster communicates this to the Host PC and 
puts itself into powerdown mode. 
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12) If all ISISlaves report successful authentication then the downloaded program is responsible for the 
downloading, authentication and distribution of subsequent programs within the multi-SoPEC sys- 
tem. 

13) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

14) The OEM code is expected to perform some simple 'turn on the lights' tasks after which the master 
SoPEC determines that all SoPECs are' ready to print. The Host PC is informed that the printer is 
ready to print and the Start Printing use case comes into play. 



10.5.3.2 IStSlave SoPEC Process: 

1) When the CPU comes out of reset the SCB should still be in slave mode, and the SCB is already 
configured to receive data from the ISIMaster. 

2) The program is downloaded to embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match, then the ISISlave device will await a new program again, eventu- 
ally timing out and powering down. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) It is likely that the downloaded program will communicate the result of its authentication process to 
the ISIMaster. The downloaded program is responsible for determining the SoPECs ISIId, receiving 
and authenticating any subsequent programs. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 1) The OEM code is expected to perform some simple 4 tum on the lights* tasks after which the master 
SoPEC is informed that this slave is ready to print. The Start Printing use case then comes into play. 

Known Weaknesses 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. 

• ISI is an open interface i.e. messages sent over the ISI are in the clear. The communication channels 
are insecure but all traffic is signed to guarantee authenticity. As all communication over the ISI is con- 
trolled by Supervisor code on both the ISIMaster and ISISlave then this also provides some protection 
against software attacks. 
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10.5.4 Authentication and upgrade of operating parameters for a printer 



The SoPEC IC will be used in a range of printers with different capabilities (e.g. A3/A4 printing, printing 
speed, resolution etc.). It is expected that some printers will also have a software upgrade capability which 
would allow a user to purchase a license that enables an upgrade in their printer's capabilities (such as 
print speed). To facilitate this it must be possible to securely store the operating parameters in the 
PRINTER_QA chip, to securely communicate these parameters to the SoPEC and to securely reprogram 
the parameters in the event of an upgrade. Note that each printing SoPEC (as opposed to a SoPEC that is 
only used for the storage of data) will have its own PRJNTER_QA chip (or at least access to a 
PRINTER_QA that contains the SoPEC's SoPECjd_key). Therefore both ISIMaster and ISISIave 
SoPECs will need to authenticate operating parameters. 



1) Program code is downloaded and authenticated as described in sections 10.5.2 and 10.5.3 above. 

2) The program code has a function to create the SoPEC_id_key from the unique SoPEC_jd that was 
programmed when the SoPEC was manufactured. 

3) The SoPEC retrieves the signed operating parameters from its PRINTER_QA chip. The 
PRINTER^QA chip uses the SoPEC _id_key (which is stored as part of the pairing process exe- 
cuted during printhead assembly manufacture & test) to sign the operating parameters which are 
appended with a random number to thwart replay attacks. 

4) The SoPEC checks the signature of the operating parameters using its SoPEC_id_key. If this signa- 
ture authentication process is successful then the operating parameters are considered valid and the 
overall boot process continues. If not the error is reported to the Host PC. 

5) Operating parameters may also be set or upgraded using a second key, the PrintEngineLicense_key t 
which is stored on the PRINTER^QA and used to authenticate the change in operating parameters. 

Known Weaknesses: 

• It may be possible to retrieve the unique SoPEC_id by placing the SoPEC in test mode and scanning it 
out. It is certainly possible to obtain it by reverse engineering the device. Either way the SoPEC_id 
(and by extension the SoPEC_id_key) so obtained is valid only for that specific SoPEC and so printers 
may only be compromised one at a time by parties with the appropriate specialised equipment. Fur- 
thermore even if the SoPEC_id is compromised, the other keys in the system, which protect the 
authentication of consumables and of program code, are unaffected. 



Process: 
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10.6 Miscellaneous Use Cases 

There are many miscellaneous use cases such as the following examples. Software running on the SoPEC 
CPU or Host will decide on what actions to take in these scenarios. 

10.6.1 Disconnect / Re-connect of OA chips. 

1) Disconnect of a QA chip between documents or if ink runs out mid-document. 

2) Re-connect of a QA chip once authenticated e.g. ink cartridge replacement should allow the system 
to resume and print the next document 



10.6.2 Page arrives before print ready interrupt. 

1) Engage clutch to stop paper until print ready interrupt occurs. 

10.6.3 Dead-nozzle table upgrade 

This sequence is typically performed when dead nozzle information needs to be updated by performing a 
printhead dead nozzle test. 

1) Run printhead nozzle test sequence 

2) Either Host or SoPEC CPU converts dead nozzle information into dead nozzle table. 

3) Store dead nozzle table on Host. 

4) Write dead nozzle table to SoPEC DRAM. 
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10.7 



Failure Mode Use Cases 



10.7.1 



System errors and security violations 



System errors and security violations are reported to the SoPEC CPU and Host. Software running on the 
SoPEC CPU or Host will then decide what actions to take. 

Silverbrook code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

•OEM code authentication failure. 

1 ) Notify Host PC of authentication failure. 

2) Abort print run. 

Invalid QA chip(s). 

1) Report to Host PC. 

2) Abort print run. 

MMU security violation interrupt. * 

1) This is handled by exception handler. 

2) Report to Host PC 

3) Abort print run. 

Invalid address interrupt from PCU. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Watchdog timer interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Host PC does not acknowledge message that SoPEC is about to power down. 
1) Power down anyway. 



Printing errors are reported to the SoPEC CPU and Host. Software running on the Host or SoPEC CPU 
will then decide what actions to take. 



Insufficient space available in SoPEC compressed band-store to download a band. 
1) Report to the Host PC. 

Insufficient ink to print. 
1) Report to Host PC. 

Page not downloaded in time while printing. 

1) Buffer underrun interrupt will occur. 

2) Report to Host PC and abort print run. 

JPEG decoder error interrupt. 
1) Report to Host PC. 



10.7.2 Printing errors 
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CPU Subsystem 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



2g Nov 2002 
Page 63 



SoPEC : Hardware Design 



J3 



11 Central Processing Unit (CPU) 

11.1 Overview 

The CPU block consists of the CPU core, MMU, cache and associated logic. The principal tasks for the 
program running on the CPU to fulfill in the system are: 

Communications: 

• Control the flow of data from the USB interface to the DRAM and ISI 

• Communication with the host via USB or ISI 

• Running the USB device driver 

PEP Subsystem Control: 

• Page and band header processing (may possibly be performed on host PC) 

• Configure printing options on a per band, per page, per job or per power cycle basis 

• Initiate page printing operation in the PEP subsystem 

• Retrieve dead nozzle information from the printhead interface (PHI) and forward to the host PC 

• Select the appropriate firing pulse profile from a set of predefined profiles based on the printhead 
characteristics 

• Retrieve printhead temperature via the PHI 
Security: 

• Authenticate downloaded program code and printer operating parameters 

• Authenticate consumables via the PRINTER_QA and INK_QA chips 

• Monitor ink usage 

• Isolation of OEM code from direct access to the system resources 
Other: 

• Drive the printer motors using the GPIO pins 

• Monitoring the status of the printer (paper jam, tray empty etc.) 

• Driving front panel LEDs 

• Perform post-boot initialisation of the SoPEC device 

• Memory management (likely to be in conjunction with the host PC) 

• Miscellaneous housekeeping tasks 

To control the Print Engine Pipeline the CPU is required to provide a level of performance at least equiva- 
lent to a 16-bit Hitachi H8-3664 microcontroller running at 16 MHz. An as yet undetermined amount of 
additional CPU performance is needed to perform the other tasks. The extra performance required is dom- 
inated by the signature verification task and the SCB (including the USB) management task. An operating 
system is not required at present. A number of CPU cores have been evaluated and the LEON P1754 is 
considered to be the most appropriate solution. A diagram of the CPU block is shown in Figure 15 below. 
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AHB Controller 



AHB Interface 



LEON Core 



CACHE 
& MMU 



Address 
Decoder 



Realtime 

Debug 

Unit 



cpu_adr(21:0] 
cpu_dataout[31 :0] 

dra/n cpu_data[255:0] 

cpu_dju_rreq 

diu_cpu_rack 

dtu_cpu_rvaJid 

cpu_diu_wreq 

diu_cpu_wack 

cpu_diu_wvalid 

cpu_dtu_wmaskt1 :0] 

cpu_acode[1:0j 

cpu_rwn 

cpu_cpr_sei 

cpr_cpu_rdy 
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pss_cpu_rdy 
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pcu_cpu_berr 

lss_cpu_berr 
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lss_cpu_debug_valid • 

icu_cpu_debug_valid 
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Figure 15. CPU block diagram 
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| 11.2 Definitions of I/Os 

I Table 14. CPU Subsystem l/Os 



mmmm 








Clocks and Resets ~ 


prst_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


perk 


1 


In 


Global clock 


CPU to DIU ORAM Interface 


cpu_adr[21:0] 


22 


Out 


Address bus for both DRAM and peripheral access 


cpu_dataout[31:0] 


32 


Out 


Data out to both DRAM and peripheral devices. This should be 
driven at the same time as the cpu_adrand request signals. 


dram„cpu_data[255:0] 


256 


In 


Read data from the DRAM 


cpu_diir_rreq 




Out 


Read request to the DIU DRAM 


diu_cpu_rack 




In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvafid 




In 


Signal from DIU telling SoPEC Unit that valid read data is on the 
dram_cpu_data bus 


cpu_diu_wreq 




Out 


Write request to the DIU 


d'ru_cpu_wack 




In 


Acknowledge from the DIU that the write request has been 
accepted 


cpu_diu_wvalid 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu_dataout bus Is valid 


cpu_diu_wmask(1 :0] 


2 


Out 


Flag indicating format of CPU write to DRAM 
cpu_diu_wmask t= 00: 8-bit write 
cpu_diu_wmask = 01 : 16-bit write 
cpu_diu_wmask= 10: 32-bit write 
cpu_diu_wmask = 1 1 : reserved 

cpu,adr(2:0) are driven in accordance with the width of the data 
access indicated by cpu_diu_ wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


CPU to peripheral blocks j 


cpu_rwn 


1 


Out 


Common readmot-wrtte signal from the CPU 


cpu_acodef1:0] 


2 


Out 


CPU access code signals. 

cpu_acode(OJ - Program (0) / Data (1) access 

cpu_acode[1] - User <0) / Supervisor (1) access 


cpu_cpr_sel 


1 


Out 


CPR block select 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cpr_cpu_rdy is high it indicates the 
last cyde of the access. For a write cycle this means cpu^dataout 
has been registered by the CPR block and for a read cycie this 
means the data on cpr_cpu_data is valid. 


cpr_cpu_berr 


1 


In 


CPR bus error signal to the CPU. 


cpr_cpu_data(31 :0] 


32 


In 


Read data bus from the CPR block 


cpu_gpio.se! 


1 


Out i 


GPIO block select 


gpio_cpu_rdy 


1 


In 


GPIO ready signal to the CPU. 


gpio_cpu_berr 


1 


In 


GPIO bus error signal to the CPU. 


gpio_cpu_data[31 :0] 


32 


In 


Read data bus from the GPIO block 


cpu_jcu_sel 


1 


Out 


ICU bfock select. 


icu_cpu_rdy 


1 


in 


ICU ready signal to the CPU. 


icu_cpu_berr 


1 


In 


ICU bus error signal to the CPU. 


•cu«cpu_data(31:0] 


32 


In 


Read data bus from the ICU block 
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Table 14. CPU Subsystem i/Os 





IIS 


tel 




cpu_lss_sel 


i 


Out 


Li>b DlocK select 


lss_cpu_rdy 


1 


In 


L55 ready signal to the CPU. 


lss_cpu_berr 


1 


In 


LSS bus error signal to the CPU. 


lss_cpu_data{31:0] 


32 


rn 


Read data bus from the LSS block 


cpu_pcu_sel 


1 


Out 


PCU block select 


pcu_cpu_rdy 


1 


rn 


PCU ready signal to the CPU. 


pcu_cpuj>err 


1 


in 


PCU bus error signal to the CPU. 


pcu_cpu_data[31 :0J 


32 


In 


Read data bus from the PCU block 


cpu_scb_sel 


1 


Out 


SCB block select 


scb_cpu_rdy 


1 


In 


SCB ready signal to the CPU. 


scb_cpu_berr 


! 


In 


SCB bus error signal to the CPU. 


6cb_cpu_data(31 .*0] 


32 


In 


Read data bus from the SCB Week 


cpu_tim_sel 




Out 


Timers block select. 


tim_cpu_rdy 


! 


In 


Timers Wock ready signal to the CPU. 


tim_cpu_berr 


1 


In 


Timers bus error signaJ to the CPU. 


tim_cpu_data{31 .-0] 


32 


In 


Read data bus from the Timers block 


cpu_rom_sel 


j 


Out 


ROM block select 


rom_cpu__rdy 




In 


ROM block ready signal to the CPU. 


rom_cpti_befT 




In 


ROM bus error signal to the CPU. 


rom_cpu_data{31 :0] 




In 


Read data bus from the ROM block 


cpu_pss_sel 




Out 


PSS block select 


pss_cpu_rdy 




tn 


PSS block ready signal to the CPU. 


pss_cpu_berr 




In 


PSS bus error signal to the CPU. 


pss_cpu_data[31 :0] 




In 


Read data bus from the PSS block 


cpu_cfiu_seJ 




Out 


DIU register block select. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


diu_cpu_berr 




In 


DIU bus error signal to the CPU. 


diu__cpu_data{31:0] 


32 


tn 


Read data bus from the DIU block 


Interrupt signals 


icu_cpu Jlevep :0) 


3 


In 


An interrupt is asserted by driving the appropriate priority level on i 
icu_fipu_Beu&L These signals must remain asserted untfl the CPU 
executes an Interrupt acknowledge cycle. 


cpu_icujlevei[3:01 


3 


Out 


Indicates the level of the interrupt the CPU is acknowledging when 
cpu_iack\s high 


cpujack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


Debug signals 


diu_cpu_debug_valid 


1 


In 


Signal indicating the data on the diu_cpu^data bus is valid debug 
data. 


tim_cpLr_debug_valid 


1 


in 


Signal indicating the data on the tim cpu^data bus is valid debug 
data. 


scb_cpu_debugLvalfd 


1 


In 


SignaJ indicating the data on the $ct> cpu data bus is vaQd debug 
data. 
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Table 14. CPU Subsystem l/Os 





mm 




pcu cpu_debug valid 


•j 


In 


CI inriim firm the* rlata r»n ffiA rwr /*nii rtatu hue fe t/ttlrH HnK* i/n 
OiyiiCU II lUIUauny lilt? U-dUa U< ■ lilt? ^L»TI_LfJU_Ua*«l iajs> to VUIIU UtiDUQ 

data. 


lss_cpu_debug_vaJid 


1 


In 


Signal indicating the data on the !$s__cpu_data bus is valid debug 
data. 


icu_cpu_debug_yalid 


1 


In 


Signal indicating the data on the icu_cpu_data bus is valid debug 
data. 


Gpio_cpu_debuQjvaltd 


1 


In 


Signal Indicating the data on the gpio_cpu_data bus is valid debug 
data. 


cpr_cpu_qebug_valid 


1 


In 


Signal indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI pins 


debug_data_valid 


1 


Out 


Debug valid signal indicating the validity of the data on 
debug_data_out. This signal is used in all debug configurations 


debug_cntrl 


20 


Out 


Control signal for each PHI bound debug data tine indicating 
whether or not the debug data should be selected by the pin mux 



1 1 .3 Realtime requirements 

The SoPEC realtime requirements have yet to be fully determined but they may be split into three catego- 
ries: hard, firm and soft 



11.3.1 Hard realtime requirements 

Hard requirements are tasks that must be completed before a certain deadline or failure to do so will result 
in an error perceptible to the user (printing stops or functions incorrectly). There are three hard realtime 
tasks: 

• Motor control: The motors which feed the paper through the printer at a constant speed during 
printing are driven directly by the SoPEC device. Four periodic signals with different phase rela- 
tionships need to be generated to ensure the paper travels smoothly through the printer. The genera- 
tion of these signals is handled by the GPIO hardware (see section .13.2 for more details) but the 
CPU is responsible for enabling these signals (i.e. to start or stop the motors) and coordinating the 
movement of the paper with the printing operation of the printhead. 

• Buffer management: Data enters the SoPEC via the SCB at an uneven rate and is consumed by the 
PEP subsystem at a different rate. The CPU is responsible for managing the DRAM buffers to 
ensure that neither overrun nor underrun occur. This buffer management is likely to be performed 
under the direction of the host. 

• Band processing: In certain cases PEP registers may need to be updated between bands. As the tim- 
ing requirements are most likely too stringent to be met by direct CPU writes to the PCU a more 
likely scenario is that a set of shadow registers will programmed in the compressed page units 
before the current band is finished, copied to band related registers by the finished band signals and 
the processing of the next band will continue immediately An alternative solution is that the CPU 
will construct a DRAM based set of commands (see section 21.8.5 for more details) that can be exe- 
cuted by the PCU. The task for the CPU here is to parse the band headers stored in DRAM and gen- 
erate a DRAM based set of commands for the next number of bands. The location of the DRAM 
based set of commands must then be written to the PCU before the current band has been processed 
by the PEP subsystem. It is also conceivable (but currently considered unlikely) that the host PC 
could create the DRAM based commands. In this case the CPU will only be required to point the 
PCU to the correct location in DRAM to execute cornmands from. 
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1 1 .3.2 Firm requirements 

Firm requirements are tasks that should be completed by a certain time or failure to do so will result in a 
degradation ^of performance but not an error. The majority of the CPU tasks for SoPEC fall into this cate- 
gory including all interactions with the QA chips, program authentication, page feeding, configuring PEP 
registers for a page or job, determining the firing pulse profile, communication of printer status to the host 
over the USB and the monitoring of ink usage. The authentication of downloaded programs and messages 
will be the most compute intensive operation the CPU will be required to perform. Initial investigations 
indicate that the LEON processor, running at 160 MHz, will easily perform three authentications in under 
a second. 



Table 15. Expected firm requirements 




Power-on to start of printing first page [USB and slave SoPEC enumeration. 3 or more 
RSA signature verifications, code and compressed page data download and chip Initiali- 
sation] 


~ 8 sees ?? 


Wake-up from sleep mode to start printing (3 or more SHA-1 operations, code and com- 
pressed page data download and chip re-initialisation 


- 2 sees 


Authenticate ink usage in the printer 


-0.5 sees 


Determining firing pulse profile 


- 0.1 sees 


Page feeding, gap between pages 


OEM dependent 


Communication of printer status to host PC 


- 10 ms 


Configuring PEP registers 


?? 



1 1 .3.3 Soft requirements 

Soft requirements are tasks that need to be done but there axe only light time constraints on when they need 
to be done. These tasks are performed by the CPU when there are no pending higher priority tasks. As the 
SoPEC CPU is expected to be lightly loaded these tasks will mostly be executed soon after they are sched- 
uled. 



11.4 Bus Protocols 

As can be seen from Figure 15 above there are different buses in the CPU block and different protocols are 
used for each bus. There are three buses in operation: 

11.4.1 CPU core to cache/MMU bus 

This is the native bus of the CPU core. See section 1 1.6.6. 1 for more details. Timing and full signal details 
should be provided in the documentation accompanying this core. 

11.4.2 Cache/MMU to DIU bus 

This bus conforms to the DIU bus protocol described in Section 20.13.2. Note that the address and data 
buses are shared with the peripheral bus. The effective bus width differs between a read (256 bits) and a 
write (32/1678 bits) and only the bottom 32 bits of the bus are shared with the peripheral bus. As certain 
CPU instructions may require byte write access this will need to be supported in the DIU. See section 
1 1 .6.6.2 for more details. 
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11.4.3 CPU Subsystem Bus 

For access to the on-chip peripherals a simple bus protocol is used. The MMU must first determine which 
particular block is being addressed (and that the access is a valid one) so that the appropriate block select 
signal can be generated. During a write access CPU write data is driven out with the address and block 
select signals in the first cycle of an access. The addressed slave peripheral responds by asserting its ready 
signal indicating that it has registered the write data and the access can complete. The write data bus is 
common to all peripherals and is also used for CPU writes to the embedded DRAM, A read access is initi- 
ated by driving the address and select signals during the first cycle of an access. The addressed slave 
responds by placing the read data on its bus and asserting its ready signal to indicate to the CPU that the 
read data is valid. Each block has a separate point-to-point data bus for read accesses to avoid the need for 
a tri-stateable bus. 

All peripheral accesses are 32-bit. Support for byte or 16-bit accesses may be added if required by an 
imported IP block such as the USB controller. The use of the ready signal allows the accesses to be of vari- 
able length. In most cases accesses will complete in two cycles but three or four (or more) cycles accesses 
are likely for PEP blocks or IP blocks with a different native bus interface. All PEP blocks are accessed via 
the PCU which acts as a bridge. The PCU bus uses a similar protocol to the CPU subsystem bus but with 
the PCU as the bus master. 

The duration of accesses to the PEP blocks is influenced by whether or not the PCU is executing com- 
mands from DRAM. As these commands are essentially register writes the CPU access will need to wait 
until the PCU bus becomes available when a register access has been completed. This could lead to the 
CPU being stalled for up to 4 cycles if it attempts to access PEP blocks while the PCU is executing a com- 
mand. The size and probability of this penalty is sufficiently small to have any significant impact on per- 
formance. 

In order to support user mode (i.e. OEM code) access to certain peripherals the CPU subsystem bus prop- 
agates the CPU function code signals (cpu_jacode[l:0]). These signals indicate the type of address space 
(i.e. User/Supervisor and Program/Data) being accessed by the CPU for each access. Each peripheral must 
determine whether or not the CPU is in the correct mode to be granted access to its registers and in some 
cases (e.g. Timers and GPIO blocks) different access permissions can apply to different registers within 
the block. If the CPU is not in the correct mode then the violation is flagged by asserting the block's bus 
error signal (block_cpuJberr) with the same timing as its ready signal (block_cpu_rdy) which remains 
deasserted. When this occurs invalid read accesses should return 0 and write accesses should have no 
effect 

Figure 16 shows two examples of the peripheral bus protocol in action. A write to the LSS block from 
code running in supervisor mode is successfully completed This is immediately followed by a read from a 
PEP block via the PCU from code running in user mode. As this type of access is not permitted the access 
is terminated with a bus error. The bus error exception processing then starts directly after this - no further 
accesses to the peripheral should be required as the exception handler should be located in the DRAM. 

Each peripheral acts as a slave on the CPU subsystem bus and its behavior is described by the state 
machine in section 1 1 .4.3 . 1 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 70 



SoPEC : Hardware Design 



J3 



pclk 



cpu_adr{21:0] ^s^LSS address 
cpu_rwn I 



cpu_acode[1:0] SupvrData 
cpu_lss_sel j 



lss_cpu_rdy 



tss_cpu_berr 



PEP address fc^^j Supervisor staci} 



User Data fr^^ Supvr Data 



cpu.dataout[31:0] fr^j LSS data KS^^^^^^ 



cpuj3cu_sel 

pcu_cpu_berr 
pcu_cpu_rdy 



L 

J — L 



pcu_cpu_data[31:0] t^^V^S^sS^^^ 0x0000,0000 



Figure 16. CPU bus transactions 

1 1.4.3, 1 CPU subsystem bus stave state machine 

CPU subsystem bus slave operation is described by the state machine in Figure 17. This state machine 
will be implemented in each CPU subsystem bus slave. The only new signals mentioned here are the 
valid^access and regjavailable signals. The valid_access is determined by comparing the cpu_acode 
value with the block or register (in the case of a block that allow user access on a per register basis such as 
the GPIO block) access permissions and asserting validjnccess if the permissions agree with the CPU 
mode. The regjavailable signal is only required in the PCU or in blocks that are not capable of two-cycle 
access (e.g. blocks containing imported IP with different bus protocols). In these blocks the regjavailable 
signal is an internal signal used to insert wait states (by delaying the assertion of block_cpu_rdy) until the 
CPU bus slave interface can gain access to the register. 

When reading from a register that is less than 32 bits wide the CPU susystems bus slave should return 
zeroes on the unused upper bits of the blockjzpujiata bus. 

To support debug mode the contents of the register selected for debug observation, debugjreg, are always 
output on the block jcpu_data bus whenever a read access is not taking place. See section 1 1.8 for more 
details of debug operation. 
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V Access J h 
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btock_cpu_berr «= 0 



11.5 LEON CPU 



Figure 17. State machine for a CPU subsystem slave 



The LEON processor is an open-source implementation of the IEEE-1754 standard (SPARC V8) instruc- 
tion set. LEON is available from and actively supported by Gaister Research (wwwgaisler.com). 

The following features of the LEON-2 processor will be utilised on SoPEC: 



• IEEE- 1 754 (SPARC V8) compatible integer unit with 5-stage pipeline 

• Separate instruction and data cache (Harvard architecure) 

• Set-associative caches: 1-4 sets, 1-64 kbyte/set. Random, LRR or LRU replacement. Direct 
mapped cacches are also available and are the more likely option for SoPEC. 

• Full implementation of AMBA-2.0 AHB on-chip bus 

• Power-down mode 

The standard release of LEON incorporates a number of peripherals and support blocks which will not be 
included on SoPEC. The LEON core as used on SoPEC will consist of: 1) the LEON integer unit, 2) pos- 
sibly the instruction and data caches (currently under review), 3) the cache control logic (to be signifi- 
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cantly reduced by optimisation if the caches are not used), 4) the AHB interface and 5) possibly the AHB 
controller (although this functionality may be implemented in the LEON Bridge). 

The version of the LEON database that the SoPEC LEON components will be sourced from is LEON2- 
1 .0.8 although later versions may be used if they offer worthwhile functionality or bug fixes that affect the 
SoPEC design. Note that if the LEON caches are not used then we may revert to vl .0.7 of the database as 
the cache control logic is likely to be simpler and easier to optimise away (v 1.0.8 introduced support for 
set-associative caching) 

The LEON core will be clocked using the system clock, pclk, and reset using the prstjn_section[l ] signal. 
The ICU will assert all the hardware interrupts using the protocol described in section 1 L9. The particular 
types of SRAMs (for LEON caches) and register files used will be determined during the implementation 
phase. The LEON hardware multipliers are notexpected to be required. Furthermore it is anticipated that 
SoPEC will use the recommended 8 register window configuration 

Further details of the SPARC V8 instruction set and the LEON processor can be found in [32] and [33} 
respectively. 

1 1 .6 Memory Management Unit (MMU) 

Memory Management Units are typically used to protect certain regions of memory from invalid accesses, 
to perform address translation for a virtual memory system and to maintain memory page status (swapped- 
in, swapped-out or unmapped) 

The SoPEC MMU is a much simpler affairwhose function is to ensure that all regions of the SoPEC mem- 
ory map are adequately protected. The MMU does not support virtual memory and physical addresses are 
used at all times - the one exception to this:is the address translation of the reset vector. The SoPEC MMU 
supports a full 32-bit address space. A proposed memory map is shown in Figure 18 below. 

The MMU selects the relevant bus protocol and generate the appropriate control signals depending on the 
area of memory being accessed. The MMU is responsible for performing the address decode and genera- 
tion of the appropriate block select signal as well as the selection of the correct block read bus during a 
read access. The MMU will need to support all of the bus transactions the CPU can produce including 
interrupt acknowledge cycles, aborted transactions etc. 

When an MMU error occurs (such as an attempt to access a supervisor mode only region when in user 
mode) a bus error is generated. While the LEON can recognise different types of bus error (e.g. data store 
error, instruction access error) it appears to handle them in the same manner as it handles all traps i.e it will 
transfer control to a trap handler. No extra state information appears to be stored because of the nature of 
the trap/The location of the trap handler is contained in the TBR (Trap Base Register). This is the same 
mechanism as is used to handle interrupts. Further investigation is needed to determine exactly how LEON 
behaves when a bus error type trap occurs to determine the best approach to handling bus errors. It may be 
simplest to just treat them as the highest priority interrupt 
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Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set m\ 
the MMU. 




OxFFFF_FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



Ox002A_COOO 
Ox002A_0000 
0x0029^0000 
0x0028^0000 




DRAM 
Regions 



0x0000^0000 



Figure 18. Proposed SoPEC CPU memory map (not to scale) 

1 1 .6.1 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 16 below. The MMU 
performs the decode of the high order bits to generate the relevant cpuJblock_select signal. Apart from the 
PCU, which decodes the address space for the PEP blocks, each block only needs to decode as many bits 
of cpu_jxdr[ll:2] as required to address all the registers within the block. 



Table 16. CPU-bus peripherals address map 







MMUJbase 


0x0029_0000 


TIM_base 


0x0029_1000 


LSS_base 


0x0029_2000 


GPIO_base 


0x0029^3000 


SCB_base 


OxO029_4OOO 


ICU_base 


0xOO29_50O0 


CPR^base 


0X0029^6000 


ROM_base 


0x0029_7000 


DIU_base 


0x0029_8000 


PSSJjase 


0x0029_9000 
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Table 16. CPU-bus peripherals address map 







Reserved 


Ox0029_AOOO to 0x0029_FFFF 


PClLbase 


Ox002A_0000 



11.6.2 DRAM Region Mapping 

The embedded DRAM is broken into 8 regions, with each region defined by a lower and upper bound 
address and with its own access permissions. 

The association of an area in the DRAM address space with a MMU region is completely under software 
control. Table 17 below gives one possible region mapping. Regions should be defined according to their 
access requirements and position in memory. Regions that share the same access requirements and that are 
contiguous in memory may be combined into a single region. The example below is purely for indicative 
purposes - real mappings are likely to differ significantly from this. Note that the RegionBottom and Regi- 
onTop fields in this example are byte aligned and would need to be right-shifted by 5 places to obtain the 
256-bit aligned value used to program the RegionNTop and RegionNBottom registers, or more details see 
11.6.5.1 and 11.6.5.2. 



Tabfe 17. Example region mapping 

















0 


0x0000_0000 


Ox000O_OFFF 


Si /verb rook OS (supervisor) data 


1 


0x0000.1000 


0x0000_BFFF 


Sifverbrook OS (supervisor) code 


2 


0x0000_COO0 


OxO0O0_C3FF 


Sifverbrook (supervisor/user) data 


3 


0x0000__C400 


OxO000_CFFF 


Sifverbrook (supervisor/user) code 


4 


0x0026_D000 


0x0026 JD3FF 


OEM (user) data 


5 


0x0026_D400 


0x0026_DFFF 


OEM (user) code 


6 


0xOO27_E000 


0xO027_FFFF 


Shared Sifverb rook/OEM space 


7 


0xOO00_O0O0 


Ox0026_CFFF 


Compressed page store (supervisor data) 



11.6.3 Non-DRAM regions 

As shown in Figure 18 the DRAM occupies only 2.5 MBytes of the total 4 GB SoPEC address space. The 
non-DRAM regions of SoPEC are handled by the MMU as follows: 

ROM (0x0028.0000 to Ox0028_FFFF): The ROM block will control the access types allowed. The 
cpu__acode[l:0] signals will indicate the CPU mode and access type and the ROM block will assert 
rom_cpu_berr if an attempted access is forbidden. The protocol is described in more detail in section 
1 1.4.3. The ROM block access permissions are hard wired to allow all read accesses except to the Fuse- 
Chip ID registers which may only be read in supervisor mode. 

MMU Internal Registers (0x0029^0000 to 0x0029_0FFF): The MMU is responsible for controlling the 
accesses to its own internal registers and will only allow data reads and writes (no instruction fetches) 
from supervisor data space. All other accesses will result in the mmu_cpu_berr signal being asserted in 
accordance with the CPU native bus protocol. 

CPU Subsystem Peripheral Registers (0x0029_1000 to 0x0029_FFFF): Each peripheral block will 
control the access types allowed. Every peripheral will allow supervisor data accesses (both read and 
write) and some blocks (e.g. Timers and GPIO) will also allow user data space accesses as outlined in the 
relevant chapters of this specification. Neither supervisor nor user instruction fetch accesses are allowed to 
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any block as it is not possible to execute code from peripheral registers. The bus protocol is described in 
section 11.4.3. 

PCU Mapped Registers (0x0O2A_O00O to Ox002A_BFFF): All of the PEP blocks registers which are 
accessed by the CPU via the PCU will inherit the access permissions of the PCU. These access permis- 
sions are hard wired to allow supervisor data accesses only and the protocol used is the same as for the 
CPU peripherals. 

Unused address space (Ox002A_COGO to OxFFFFJFFFF) : All accesses to the unused portion of the 
address space will result in the mmu_cpujberr signal being asserted in accordance with the CPU native 
bus protocol. These accesses will not propagate outside of the MMU i.e. no external access will be initi- 
ated. 

1 1 .6.4 Reset exception vector and reference zero traps 

When a reset occurs the LEON processor starts executing code from address 0x0000_0000. On SoPEC the 
embedded DRAM occupies this area of the address map. As the DRAM contents are undefined when the 
processor comes out of reset (this is certainly the case with a power-on and most other resets that can occur 
on SoPEC) the MMU will need to redirect accesses from 0x0000_0000 through 0x0000_00?? (the mini- 
mum amount of redirection is currently TBD but is likely to be at least 16 bytes) to the bottom of the ROM 
i.e. to 0x0028_0000 through OxO028_0O??. 

A common software bug is zero-referencing or null pointer de-referencing (where the program attempts to 
access the contents of address 0x0000^0000). To assist software debug the MMU will assert a bus error 
every time the reset locations are accessed after the reset trap handler has legitimately been retrieved 
immediately after reset. If desired this condition could be result in a unique trap (e.g. a watchpoint 
detected trap) 



1 1.6.5 MMU Configuration Registers 

These are the only configuration registers in the CPU block. Note that all the MMU configuration registers 
may only be accessed when the CPU is running in supervisor mode. 



Table 18. MMU Configuration Registers 













0x00 


RegionOBottom 


17 


OxO_0000 


This register contains the physical address that 
marks the bottom of region 0 


0x04 


RegionOTop 


17 


0xF_FFFF 


This register contains the physical address that 
marks the top of region 0. Region 0 covers the 
entire address space after reset whereas all 
other regions are zero-sized Initially. 


0x08 


Region 1 Bottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 1 


OxOC 


Region 1 Top 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region 1 


0x10 


Region2Bottorn 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 2 


0x14 


Reglon3Top 


17 


0xO_0000 


This register contains the physical address that 
marks the top of region 2 


0x18 


Region3Bottom 


17 


0x0_00OO 


This register contains the physical address that 
marks the bottom of region 3 


0x1 C 


Regioo3Top 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region 3 
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Table 18. MMU Configuration Registers 



^^^^ 




mm 






0x20 


rneyioris-DOuurn 


1 / 


uxu_uuuu 


This register contains the physical address that 
marks the bottom of region 4 


0x24 


Region4Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 4 


0x28 


RegionSBottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 5 


0x2C 


Region 5Top 


17 


0x0_0000 


This register contains the physical address that 

marKS uie tup or region o 


0x30 


RpnlnnCRriHrvrrv 

ntjyjuiiDDOiiorn 


<7 
1 / 


uxu_uuuu 


i ms register contains trie pnystcai aaoress mat 
marks the bottom of region 6 


0x34 


RegionSTop 


17 


0xO_0000 


This register contains the physical address that 
marks the top of region 6 


0x38 


DaniAn7DnMnm 

riegion /bonom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 7 


0x3C 


Reglon7Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 7 


0x40 


RegionOControl 


6 


0x07 


Control register for region 0 


0x44 


RegioM Control 


6 


0x07 


Control register for region 1 


0x48 


Region2Control 


6 


0x07 


Control register for region 2 


0X4C 


Regton3Contro! 


6 


0x07 


Control register for region 3 


0x50 [ 


Region4Controi 


6 


0x07 


Control register for region 4 


0x54 


RegfonSControl 


6 


0x07 


Control register for region 5 


0x58 


Region6Control 


6 


0x07 


Control register for region 6 


OxSC ! 


RegIon7Ccntrol 


6 


0x07 


Control register for region 7 


0x60 . 


BusTlmeout 


16 


0x00 FF 


This register should be set to the number of pctk 
cycles to wait before aborting an access with a 
bus error. 


0x64 


DebugSelect 


7 


0x00 


Contains address of the register selected for 
debug observation. It is expected that a number 
of pseudo-registers will be made available for 
debug observation and these will be outlined 
during the implementation phase. 



1 1.6.5. 1 RegionTop and RegtonBottom registers 

The 20 Mbit of embedded DRAM on SoPEC is arranged as 81920 words of 256 bits each. All region 
boundaries need to align with a 256-bit word. Thus only 17 bits are required for the RegionNTop and 
RegionNBottom registers. The byte address of these locations can be obtained by simply left-shifting the 
register value by 5 bits i.e. cpu_odr[21:0] « RegionNTop/Bottom[16:0J « 5. 

Both the RegionNTop and RegionNBottom registers are inclusive i.e. the addresses in the registers are 
included in the region. The size of smallest active region is therefore 2 256-bit words i.e. 64 bytes. 

If DRAM regions overlap (there is no reason for this to be the case but there is nothing to prohibit it either) 
then only accesses allowed by all overlapping regions are permitted That is if a DRAM address appears in 
both Region 1 and Region3 (for example) the cpujocode of an access is checked against the access permis- 
sions of both regions. If both regions permit the access then it will proceed but if either or both regions do 
not permit the access then it will not be allowed. 
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The MMU does not support negatively sized regions i.e. the value of the RegionNTop register should 
always be greater that the value of the RegionNBottom register. If RegionNTop is lower in the address map 
than RegionNTop then the region is considered to be zero-sized and is ignored. 

When both the RegionNTop ' and RegionNBottom registers for a region contain the same value the region is 
then simply one 256-bit word in length and this corresponds to the smallest possible active region. 

11.6.5.2 Region Control registers 

Each memory region has a control register associated with it. The RegionNControl register is used to set 
the access conditions for the memory region bounded by the RegionNTop and RegionNBottom registers. 
Table 19 describes the function of each bit field in the RegionNControl registers. All bits in a RegionNCon- 
trol register are both readable and writable by design. However, like all registers in the MMU, the 
RegionNControl registers can only be accessed by code running in supervisor mode. 



Table 19. Region Control Register 





mm. 




SupervisorAccess 


2:0 


Oenotes the type of access allowed when the CPU is running in 
Supervisor mode. For each access type a 1 indicates the access is 
permitted and a 0 indicates the access is not permitted. 
bitO - Data read access permission 
bit1 - Data write access permission 
bit2 - Instruction fetch access permission 


UserAccess 


5:3 I 


Denotes the type of access allowed when the CPU is running in 
User mode. For each access type a 1 indicates the access is per- 
mitted and a 0 indicates the access is not permitted. 
bit3 - Data read access permission 
Wt4 - Data write access permission 
bH5 - Instruction fetch access permission 



11.6.5.3 Status Register 

The SPARC V8 architecture allows for a number of types of memory access error to be trapped. These trap 
types and trap handling in general are described in chapter 7 of the SPARC architecture manual [32]. 
According to the SPARC architecture manual the processor will automatically move to the next register 
window (i.e. it decrements the current window pointer) and copies the program counters (PC and nPC) to 
two local registers in the new window. The supervisor bit in the PSR is also set and the PSR can be saved 
to another local register by the trap handler (this does not happen automatically in hardware). 

At the time of writing it is not clear whether the LEON core can easily accept memory access error trap 
types (i.e. the 8-bit tt field of the Trap Base register). Further investigation is needed to determine it this is 
possible and if existing trap types will cover the different types of bus error possible on SoPEC. Up to 32 
implementation specific trap types are allowed so conditions unique to SoPEC can be handled in this man- 
ner. 

If it is not possible for sufficient information about the cause of the bus error to be passed to the LEON 
core using the above mechanisms then a status register will be implemented to record the relevant informa- 
tion. 

1 1 .6.6 MMU Sub-block partition 

As can be seen from Figure 19 and Figure 20 the MMU consists of five principal sub-blocks. For clarity 
the connections between these sub-blocks and other SoPEC blocks and between each of the sub-blocks are 
shown in two separate diagrams. 
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53 
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dIu_cpu_rvaUd 

cpu_dlu_wreq 

dlu_cpu_wack 

Cpu_dki_wvand 

cpu_dru_wmask(1 :0] 



lcu_cpujtev«l[3:0| 

cpu_lack 

cpuJcu_fieveJ[3:0] 



cpu^rwn 

cpu_dataotrt(3i:0] 

cpu_adrf21:0| 
cpu_acode[i:01 

• cpu_cpr_sel 

• cpu_dhj_sef 

• cpu_gpk>_sel 

• cpu_kxj_sel 
cpu_lss_sel 

• cpu _pcu_sel 



cpu_scb_se) 



cpu_tim_sel 
cpu_rom_sel 
-V cpu_diu_sel 



cpr_cpu_daia{31 :0] 
dJu_cpu_data(3l :0J 
8pJo_cpu_data[31 :0] 
lcu_cpLr_data(3 1 :0] 
lss_cpu„data{3l :0J 
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Figure 19. MMU Sub-block partition, external signal view 
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Figure 20. MMU Sub-block partition, internal signal view 



11.6.6.1 LEON Bridge 

At the time of writing it is expected that the LEON core will be used with its AHB interface rather than be 
modified to comply with the protocols used on SoPEC, in particular the DIU protocol for DRAM access. 
The LEON bridge consists of an AHB bridge and some glue logic. The AHB bridge will convert between 
the AHB and the DIU and CPU subsystem bus protocols. The AHB bridge will always be a slave on the 
AHB. Glue logic will be required to assist with endianness coherency, interrupts and other miscellaneous 
signalling. 



Table 20. LEON bridge l/Os 





PIP.] 


nra 




Global SoPEC signals 


prsi_n 


1 


tn 


Global reset Synchronous to pdK active low. 


pclk 


1 


tn 


Global clock 


LEON Bridge to AHB signals 


haddr{3l:0] 


32 


In 


AHB address bus 


hwdata[31:0J 


32 


In 


AHB write data bus 


hrdata[31:0] 


32 


Out 


AHB read data bus 


hsel 


1 


In 


AHB stave select signal 
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Table 20. LEON bridge VOs 











hwrite 


1 


In 


AHB write signal: 
1 - Write access 
0 - Read access 


h trans 


2 


tn 


Indicates the type of the current transfer: 

00 -IDLE 

01 - BUSY 

10 - NONSEQ 

11-SEQ 


hsize 


3 


In 


Indicates the size of the current transfer: 

000 - Byte transfer 

001 - Haifword transfer 

010 - Word transfer 

011 - 64-bit transfer (unsupported?) 
1xx- Unsupported larger wordsizes 


h burst 


3 


In 


Indicates If the current transfer forms part of a burst and the type of 
burst: 

000 - SINGLE 

001 - INCR 
010-WRAP4 

011 -INCR4 ! 

100 - WRAP8 

101 - INCR8 
110-WRAP16 
111 -INCR16 


hprot 


4 


In 


Protection control signals pertaining to the current access: 
hprotCO] - Opcode(O) / Oata(1) access 
hprotf 1] - User(0) / Supervisor access 

hprot(2J - Non-bufferable(O) / Bufferable(l) access (unsupported) 
hprot[3] - Non-cacheable(O) / Cacheable access 


h master 


4 


In 


indicates the identity of the current bus master. This will always be 
the LEON core. 


hmastlock 


1 


In 


Indicates that the current master is performing a locked sequence 
of transfers. 


hready 


1 


Out 


Active high ready signal indicating the access has completed 


hresp 


2 


Out 


Indicates the status of the transfer: 
00 -OKAY 
01 - ERROR 
10 -RETRY 
11 -SPUT 


hsplit 


16 


Out 


This 16-bit split bus is used by a slave to indicate to the arbiter 
which bus masters should be allowed attempt a split transaction. 
This feature win be unsupported on the AHB bridge 


Toplevet/ Common LEON bridge signals 


cpu_dataout(31 :0] 


32 


Out 


Data out bus to both DRAM and peripheral devices. 


cpu_rwn 


1 


Out 


Read/NotWrrte signal. 1 = Current access is a read access. 0 « 
Current access is a write access 


icu_cpu_.il evel[3:0] | 


4 


In 


An interrupt Is asserted by driving the appropriate priority level on 
icu_cpu_ilQVBL These signals must remain asserted until the CPU 
executes an interrupt acknowledge cycle. 


cpu_rcujlevef[3:0] 


4 


In 


Indicates the level of the interrupt the CPU is acknowledging when 
cpujack\$ high 
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Table 20. LEON bridge l/Os 





MB 


SiE 




cpujack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


cpu_start_access 


1 


Out 


Start Access signal indicating the start of a data transfer and that 
the cpu_adr, cpu_dataout, cpu_rwn and cpu_acode signals are all 
valid. This signal is only asserted during the first cycle of an access. 


cpu_ben[1 .-0] 


2 


Out 


Byte enable signals. 


LEON core to LEON bridge signals 


iuurl 


4 


Out 


Interrupt level request to the LEON Integer Unit 


iuo.irt 


4 


In 


Acknowledged interrupt level from the LEON Integer Unit 


tuoJntack 


1 


In 


Interrupt acknowledge signal from the LEON Integer Unit 


LEON bridge to MMU Control Block signals 


cpu_mmir_adr 


32 


Out 


CPU Address Bus. 


rnrnu_cpu_data 


32 | 


In 


Data bus from the MMU 


mmu_cpu_rdy 


1 


In 


Ready signal from the MMU 


cpu_rnmu_acode 


2 


Out 


Access code signals to the MMU 


mmu_cpu_berr 


1 


!n 


Bus error signal from the MMU 



Description: 

The LEON bridge must ensure that all CPU bus and interrupt transactions are functionally correct and that 
the timing requirements are met This sub-block is also responsible for ensuring endianness coherency i.e. 
guaranteeing that the correct data appears in the correct position on the data buses {hrdata, cpu_dataout 
and mmu_cpu_data) for every type of access. This is a requirement because the LEON uses big-endian 
addressing while the rest of SoPEC is little-endian. 

It is expected that some signals (especially those external to the CPU block) will need to be registered here 
to meet the timing requirements. Careful thought will be required to ensure that overall CPU access times 
are not excessively degraded by the use of too many register stages. 



11.6.6.2 DIU Bus interface 



The DIU bus interface will handle all valid accesses to the embedded DRAM via the DIU. The DIU bus 
interface ensures that the access conforms to the DIU bus protocol while the DIU manages the arbitration 
and data alignment. 



Table 21. DIU Bus Interface l/Os 



Global SoPEC signals 



prst_n 


1 


In 


Global reset. Synchronous to pc/Zc, active low. 


pdk 


1 


In 


Global dock 


Toplevel/Common DIU Bus Interface signals 


dram_cpu_data[255:0) 


256 


In 


Read data from the DRAM. 


cpu_diu_rreq 


1 


Out 


Read request to the DIU DRAM 


diu_cpu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvalid 


1 


In 


Signal from DIU indicating that valid read data is on the 
dram_qju_data bus 


cpu_diu_wreq 


1 


Out 


Write request to the DIU 
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Table 21. DIU Bus Interface UOs 



rnmmm 


GUI 






dfu_cpu_wack 


1 


In 


Acknowledge from the DIU that the write request has been 
accepted 


cpu_diu_wva!id 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu^dataout bus is valid 


cpu_diu_wmask[1:0] 


2 


Out 


Rag indicating formal of CPU write to DRAM. These signals are 
directly derived from the cpu_ben signals 
cpu_diu_wmask = 00: 8 -bit write 

cpu_diu^wmask =01: 16-bit write j 
cpu_diu_ wmask = 10: 32-bit write 
cpu_diu_wmask = 11: reserved 

cpu_adr[2:0] are driven in accordance with the width of the data 
access indicated by cpu_diu_wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


dram_rdy 


1 


Out 


Data Ready signal. Indicates the data on the dram_cpujdata bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DiU for a write cycle. 


DIU Bus Interface to MMU Control Block signals 


cpu_adrf21 :0] 


22 


In 


Toplevef CPU Address bus. 


dram_data(31:0] 


32 


Out 


Data bus containing the 32 bits addressed by cpu_adr[4:2]Uom the 
256-bit DRAM read bus dramjcpujdata 


dram_access_en 


1 


In 


Enable Access signal. A DRAM access cannot be initiated unless it 
has been enabled by the MMU Control Unit 


DIU Bus Interface to i Cache signals 


ic_cacne_hit 


1 


In 


Cache hit signal from the ICache. This indicates that the current 
CPU read request is being serviced by the ICache and so should 
not be retrieved from the DRAM. 


DIU Bus Interface to LEON bridge signals 


cpu_ben[1:0) 


2 


In 


Byte enable signals from the LEON bridge. These are forwarded on 
to the DIU as the cpu_diu_wmask signals 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu_adr t cpu^dataout, cpu_rwn and 
cpu_acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The DIU Bus Interface handles all data transfers between the CPU (or ICache) and the DIU- This involves 
translating between the different protocols used on the DIU and CPU buses. The validity (i.e. is the CPU 
running in the correct mode for the address space being accessed) of an access is determined by the MMU 
Control Block which also checks that a DRAM access does not cross a 256-bit boundary (as required by 
the DIU) and the dram_access_en is asserted if it is a valid access. Invalid accesses do not initiate DRAM 
accesses. The operation of the DIU Bus Interface is described by the state machine shown in Figure 21 and 
the DIU bus protocol is described in more detail in section 20.9. The DIU will return a 256-bit dataword 
on dram_cpu_data[255:0] for every read access. The DIU Bus Interface must select the appropriate 32-bit 
word from this according to the word address given by cpu_adr[4:2]. 
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J3 



BISLXLs 



cpu_diu_rreq «= 0 
cpu_diu_wreq = 0 
cpu_dhj_wvalid = 0 
dram_rdy « 0 



ecu start access 



dram_c ita 




dram_rdy = o 



dfu cpu wyaifd* 
dram_rdy = 0 



Figure 21. DIU Bus Interface state machine 



1 1. 6\ 6. 3 CPU Subsystem Bus In terface 

The CPU Subsystem Interface block handles all valid accesses to the peripheral blocks that comprise the 
CPU Subsystem. 



Table 22. CPU Subsystem Bus Interface l/Os 



Hsranm 


wm 


EMI 


MMmmMmmmMMMFm 


Global SoPEC signals 


prst_n 


1 


In 


Global reset. Synchronous to pcik. active low. 


pcik 


1 


In 


Global clock 


Toplevel/Common CPU Subsystem Bus Interface signals 


cpu_cpr_sel 


1 


Out 


CPR block select. 


cpu_gpio_sel 


1 


Out 


GPIO block select. 


cpu_rcu_sel 


i 


Out 


ICU block select. 


cpu_lss_sel 


i 


Out 


LSS block select. 


cpu_pcu_sel 


1 


Out 


PCU block select. : 
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Table 22. CPU Subsystem Bus Interface VOs 



■moan 




wm. 




cpu_scb_sel 


- — 


Out 


SCB block select. 


cpu_tim_seJ 


-J 


Out 


Timers block select. 


cpu_rom_sel 




Out 


ROM block select. 


cpu_pss_sel 




Out 


PSS block select. 


cpu_diu_sel 




Out 


DID block select 


cpr_cpu_data(31:0] 




in 


Read data bus from the CPR block 


gpio_cpu_data[31 :0] 


*\o 

Oc 


In 


Read data bus from the GPIO block 


icu_cpu_data{31:0] 


32 


In 


Read data bus from the ICU block 


lss_cpu_data[31 :0] 


32 


In 


Read data bus from the LSS block 


pcu_cpu_data[31 :0J 


32 


In 


Read data bus from the PCU block 


scb_cpu_data[31 :0] 


32 


In 


Read data bus from the SCB block 


tim_cpu_data{31 :0] 


32 


In 


Read data bus from the Timers block 


rom_cpu_data[31 :0] 


32 


In 


Read data bus from the ROM block 


pss_cpu_data{31 :0) 


32 


In 


Read data bus from the PSS block j 


diu_cpu_data(31:0] 


32 


In 


Read data bus from the DIU block 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cpr_cpv__rdy te high it indicates the 
last cycle of the access. For a write cycle this means cpu_dataout 
has been registered by the CPR block and for a read cycle this 
means the data on cpr_cpu_data ta valid. 


gpio_cpu_rdy 


1 


In 


GPIO ready signal to the CPU. 


icu_cpu_rdy 


1 " 


In 


ICU ready signal to the CPU. 


lss_cpu_rdy 


1 


In 


LSS ready signal to the CPU. 


pcu_cpu_rdy 


1 


In 


PCU ready signal to the CPU. 


scb_cpu__rdy 


1 


In 


SCB ready signal to the CPU. 


ttm_cpu_rdy 


1 


In 


Timers block ready signal to the CPU. 


rom_cpu_rdy 




In 


ROM block ready signal to the CPU. 


pss_cpu_rdy 




In 


PSS block ready signal to the CPU 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


cpr_cpu_berr 




In 


Bus Error signal from the CPR block 


gpjo_cpu_berr 




In 


Bus Error signal from the GPIO block 


icu_cpu_berr 




In 


Bus Error signal from the \QU block 


lss_cpu_berr 




In 


Bus Error signal from the LSS block 


pcu_cpu_berr 




In 


Bus Error signal from the PCU block i 


scb_cpu_berr 




In 


Bus Error signal from the SCB block 


tin\.cpu_berr 




In 


Bus Error signal from the Timers block 


rom_cpu_berr 




In 


Bus Error signal from the ROM block 1 


pss_cpu_berr 




In 


Bus Error signal from the PSS block 


diu_cpu_berr 




In 


Bus Error signal from the DIU block 


CPU Subsystem Bus Interface to MMU Control Block signals 


cpu_adr[19:12] 


a 


In 


Topfevet CPU Address bus. Only bits 19-12 are required to decode 
the peripherals address space 


perLaccess_en 


i 


In 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 
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Table 22. CPU Subsystem Bus Interface l/Os 











pen_mmu_data(3l ."OJ 


32 


Out 


Data bus from the selected peripheral 


peri_mmu_rdy 


1 


Out 


Data Ready signal. Indicates the data on the perijmmu_data bus is 
valid for a read cycle or that the data was successfully written to the 
peripheral for a write cycle. 


peri_mmu_berr 


1 


Out 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 


CPU Subsystem Bus Interface to LEON bridge signals 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^_adr t cpujdataout, cpu_rwn and 
cpu_acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The CPU Subsystem Bus Interface block performs simple address decoding to select a peripheral and mul- 
tiplexing of the returned signals from the various peripheral blocks. The base addresses used for the 
decode operation are defined in Table 16. Note that access to the MMU configuration registers are handled 
by the MMU Control Block rather than the CPU Subsystem Bus Interface block- The CPU Subsystem Bus 
Interface block operation is described by the following pseudocode: 

masked_cpu_adr = cpu_adr ( 19 : 12] 
case (masked_cpu_adr) 
when TIM_base[19:12] 

cpu_tiin_sel = peri_access_en // The peri_access_en signal will have the 

peri_mmu_data = t im_cpu_data // timing required for block selects 

peri_mmu_rdy - tim_cpu_rdy 

peri_jnmu_berr = tim_cpu_berr 

all_other_selects =0 // Shorthand to ensure other cpu_block_sel signals 

// remain deasserted 

when LSS_baseC19:12] 

cpu_lss_sel ** peri_access_en 

peri^ mmu_data = lss_cpu_data 

peri_mmu_rdy = lss_cpu_rdy 

peri_mmu_berr = lss_cpu_berr 

all_other_selects = 0 
when GPIO_base[19:12) 

cpu_gpio_sel = peri_access_en 

peri_mnru_data = gp i o_cpu_da ta 

peri_mnru_rdy = gp io_cpu_rdy 

peri_mrau_berr = gpio_cpu_berr 

all_other_selects = 0 
when SCB_base(19:12] 

cpu_scb_sel = peri_access_en 

peri_mmu_data = scb_cpu_data 

peri_mmu_rdy = scb_cpu_rdy 

peri_mmu_berr = scb_cpu_berr 

all_other_selects = 0 
when ICU_base [19:12] 

cpu_icu_sel = peri_access_en 

peri_mmu_data = icu_cpu_data 

per i_mmu_r dy = icu_cpu_rdy 

peri^mrm^berr = icu_cpu_berr 

a ll_other_s elects ^ 0 
when CPR_baseU9:12] 

cpu_cpr_sel = peri_access_en 
peri_mmu_.data = cpr_cpu_data 
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peri _mmu_r dy = cpr_cpu_rdy 
peri_mmu_berr = cpr_cpu_berr 
all_other_selects « 0 

when ROM_basefl9:12] 

cpu_rom_sel = peri_access_en 
peri_inmu_data = ronv_cpu_data 
peri _mmu_ r dy = ron\_cpu_rdy 
peri„nmu_berr * rom_cpu_berr 
all_other_selects = 0 

when PSS_base [19:12] 

cpu_pss_sel = peri_access_en 
peri_mmu_dat:a = pss_cpu_data 
peri_ J mmu_rdy = pss_cpu_rdy 
peri__nuau — berr « pss_cpujberr 
all_other_selects = 0 

when DIU_base[19:12] 

cpu_diu_sel = peri_access_en 
pe r i _mmu_da t a = diu_cpu_data 
peri_mnu_rdy = diu_cpu_rdy 
peri_jnmu_berr = diu_cpu_berr 
all_other_selects «= 0 

when PCU_base{19:12) 

cpu_diu_sel = peri_access_ en 
per i_mmu_data - pcu_cpu_data 
peri jnruu. rdy = pcu_cpu_rdy 
peri_cnmu_berr = pcu_cpu_berr 
all_ocher_s elects = 0 

when others 

| all_block_selects = 0 

peri_mmu_data = 0x00000000 
peri _mmu_rdy <= 0 
perijnmu_berr = 1 
end case 



11.6.6.4 MMU Control Block 

The MMU Control Block determines whether every CPU access is a valid access. No more than one cycle 
is to be consumed in determining the validity of an access and all accesses must terminate with the asser- 
tion of either mmu_cpu_rdy or mmu_cpujberr. To safeguard against stalling the CPU a simple bus timeout 
mechanism will be supported. 



| Table 23. MMU Control Block l/Os 





urn 


tstm 




Global SoPEC signals 


prst_n 


1 


In 


Global reset Synchronous to pc!k % active low. 


pcflc 


1 


In 


Global dock 


Toplevel/Common MMU Control Block signals 


cpu_adr[21:0] 


22 


Out 


Address bus for both DRAM and peripheral access. 


cpu_acode[1 :0] 


2 


Out 


CPU access code signals (cpu_mmu_acode) retimed to meet the 
CPU Subsystem Bus timing requirements 


dram_access_en 


1 


Out 


ORAM Access Enable signal. Indicates that the current CPU 
access is a valid DRAM access. 


MMU Control Block to LEON bridge signals 
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Table 23. MMU Control Block l/Os 





mm 


mm 




cpu_mmu_adr{31 :0] 


32 


In 


CPU core address bus. 


cpu_dataout[31:0] 


32 


In 


Toplevel CPU data bus 


mmu_cpu_data(31 :0] 


32 


Out 


Lsaia uuo iu uitt w vuru. wdrries u 10 (Jala IQi ail UrU iSaO Opera- 
tions 


cpu_rwn 


1 


In 


lufjicwt wru ncau/noiwriiB signal. 


cpu_mmu_acode{1 :0] 


2 


In 


CPU access code signals 


mmu_cpu_rdy 


1 


Out 


Ready signal to the CPU core. Indicates the completion of all valid 
CPU accesses. 


mmu_cpu_berr 


1 


Out 


Bus Error signal to the CPU core. This signal is asserted to termi- 
nate an invalid access. 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr, cpu_dataout, cpu_rwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 


cpujack 


1 


In 


Interrupt Acknowledge signal from the CPU. This signal is only 
asserted during an interrupt acknowledge cycle. 


cpu_benf 1 .-0] 

I 


2 


In 


Byte enable signals indicating which bytes of the 32-bit bus are 
being accessed. 


MMU Control Block to DIU Bus Interface signals 


dram_rdy 


1 


In 


Data Ready signal. Indicates the data on the dram_cpu_data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cycle. 


MMU Control Block to 1 Cache signals 


ic_data(3l:0] 


32 


In 


Data bus from the ICache 


ic_rdy 


1 


In 


Ready signal from the ICache indicating the data on ic_data is valid 


MMU Control Block to CPU Subsystem Bus Interface signals 


peri_access_en 


1 


Out 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 


peri_mmu_data[31 :0] 


32 


In 


Data bus from the selected peripheral 


peri_mmti_rdy 


1 


In 


Data Ready signal. Indicates the data on the perLmmu_data bus is 
valid for a read cycle or that the data was successfully written to the 
peripheral tor a write cycle. 


peri_rnrnuj>err 


1 


In 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 



Description: 

| The MMU Control Block is responsible for the MMU's core functionality, namely determining whether or 

not an access to any part of the address map is valid. An access is considered valid if it is to a mapped area 
of the address space and if the CPU is running in the appropriate mode for that address space. Furthermore 
the MMU control block must correctly handle the special cases that are: an interrupt acknowledge cycle, a 
reset exception vector fetch, an access that crosses a 256-bit DRAM word boundary and a bus timeout 
condition. The following pseudocode shows the logic required to implement the MMU Control Block 

| functionality. It does not deal with the timing relationships of the various signals - it is the designer's 

responsibility to ensure that these relationships are correct and comply with the different bus protocols. 
For simplicity the pseudocode is split up into numbered sections so that the functionality may be seen 
more easily. 
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PSO Description: This first segment of code defines a number of constants and variables that are used 
elsewhere in this description. Most signals have been defined in the I/O descriptions of the MMU sub- 
blocks that precede this section of the document. The post_reset ^tate variable is used later (in section 
PS4) to determine if we should translate the reset exception vector address or trap a null pointer access. 

PSO: 

const UnusedBottom = 0x0O2AC0OO 
const DRAMTop = Ox0027FFFF 
const UserDataSpace = bOl 
const UserProgramSpace =* bOO 
const SupervisorDataSpace « bll 
const Supervisor ProgramSpace = blO 

const timeout_limit = 0x40 // Need to confirm that this is a suitable value 
const ResetExceptionCycles = 0x8 

cpu_adr_peri_jnasked {1 : 0 1 = cpu_mmu_adr 119:12] 
cpu_adr_dram_mas ked [16:0] = cpu_mmu_adr & 0x003FFFE0 

if (prst_n == 0) then // Initialise everything 

cpu_adr « cpu_mmu_adr [21:0] 
peri_access_en = 0 
dram_access_en = 0 
mmu_cpu_data = peri_mmu_data 
mmu_cpu_rdy ~ 0 
mmu_cpu_berr = 0 
post_reset_state = TRUE 
access_initiated « FALSE 
cpu_ac cessment = 0 

// The following is used to determine if we are coming out of reset for the purposes of 
// reset exception vector redirection. There may be a convenient signal in the CPU core 
// that we could use instead of this. 

if ( (cpu_start_access «= 1) AND (cpu_access_cnt < ResetExcept ionCycles ) AND 
(clock_tick == TRUE) ) then 
cpu_access_cnt = cpu_access_cnt +1 
else 

post_reset_state = FALSE 

PS1 Description: This section is at the top of the hierarchy that determines the validity of an access. The 
address is tested to see which macro-region (i.e. Unused, CPU Subsystem or DRAM) it falls into or 
whether the reset exception vector is being accessed. 

PS1: 

if (cpu_mmu_adr >= UnusedBottom) then 

// The access is to an invalid area of the address space. See section PS2 

elsif ( (cpu_tnmu_adr > DRAMTop) AND ( cpu_mmu_adr < UnusedBottom)) then 

// We are in the CPU Subsystem/ PEP Subsystem address space. See section PS3 

// Only remaining possibility is an access to DRAM address space 

// First we need to intercept the special case for the reset exception vector 

elsif (cpu_mmu_adr < 0x00000010) then 

// The reset exception is being accessed. See section PS4 

elsif ( (cpu_adr_dram_masked >= RegionOBottom) AND <cpu_adr_dram_masked <= 
RegionOTop) ) then 
// We are in RegionO. See section PSS 

elsif ( <cpu_adr_dram__masked >= RegionNBot torn) AND (cpu_adr_dranv_masked <= 
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RegionNTop) ) then //we are in RegionN 
// Repeat the RegionO (i.e. section PS5) logic for each of Regionl to Region7 

else //We could end up here if there were gaps in the DRAM regions 
peri_access_en = 0 
dram_access_en = 0 

n»mu_cpu_berr » 1 //we have an unknown access error, most likely due to hitting 
mmu_cpu_rdy =0 //a gap in the DRAM regions 

// Only thing remaining is to implement a bus timeout function. This is done in PS6 
end 

PS2 Description: Accesses to the large unused area of the address space are trapped by this section. No 
bus transactions are initiated and the mmu_cpu_berr signal is asserted. 

PS2: 

els if (cpu_mmu_adr >= UnusedBottom) then 

peri_access_en =0 // The access is to an invalid area of the address space 
dram_access_en = 0 
mrau_cpu_berr = 1 
nrou_cpu_rdy « 0 

PS3 Description: This section deals with accesses to CPU Subsystem peripherals, including the MMU 
itself. If the MMU registers are being accessed then no external bus transactions are required. Access to 
the MMU registers is only permitted of the CPU is making a data access from supervisor mode, otherwise 
a bus error is asserted and the access terminated For non-MMU accesses then transactions occur over the 
CPU Subsystem Bus and each peripheral is responsible for determining whether or not the CPU is in the 
correct mode (based on the cpujacode signals) to be permitted access to its registers. Note that all of the 
PEP registers are accessed via the PCU which is on the CPU Subsystem Bus. 

PS3: 

els if { (cpu_mmu_adr > DRAMTop) AND (cpu_mmu_adr < UnusedBottom) ) then 
//We are in the CPU Subsystem/ PEP Subsystem address space 

cpu_adr = cpu_ronu_adr [21:0] 

if (cpu_adr_peri_masked »= MMU_base) then // access is to local registers 
peri_access_en = 0 
dram__access_en =0 

if <cpu_acode == SupervisorDataSpace) then 
for (i=0; i<26; i + + ) { 

if ( (i o» cpu_mmu_adr ( 6 : 2 ] ) then // selects the addressed register 
if (cpu_rwn == 1) then 

mmu_cpu_data(ie:0) = MMUReg [ i ] // MMUReg(i) is one of the 
mmu_cpu_rdy = 1 // registers in Table 18 

mmu_cpu_berr = 0 
else // write cycle 

MMUReg(i) = cpu_dataout f 16: 0) 
mmu_cpu_rdy = 1 
mmu_cpu_be rr - 0 
else // there is no register mapped to this address 

mmu_ cpu_berr =1 // do we really want a bus_error here as registers 
«»niu_cpu_rdy = 0 // are just mirrored in other blocks 

else //we have an access violation 
nnr\u_cpu_berr c 1 
nnnu_cpu_rdy = 0 

else // access is to something else on the CPU Subsystem Bus 
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peri_access_en = 1 
dram_access_en = 0 
mmu_cpu_data = peri_jnmu_data 
mmu_ cpu_rdy = per i_inrau_rdy 
mmu_cpu_berr = peri_mmu_berr 

PS4 Description: The only correct accesses to the locations beneath 0x00000010 are fetches of the reset 
trap handling routine and these should be the first accesses after reset Here we trap all other accesses to 
these locations regardless of the CPU mode. This most likely cause of such an access will be the use of a 
null pointer in the program executing on the CPU. 

PS4: 

elsif <cpu_rnmu_adr < 0x00000010) then //may need to translate a wider range - depends 
if (post_reset_state TRUE) ) then // on how LEON handles the reset exception. 
cpu_adrt21:0] = {ROM_base(21 : 3) , cpu_mmu_adr [ 2 : 0 ) ) 
peri_access_en = 1 
dram_access_en = 0 
mmu_cpu_da t a = peri_mmu_data 
iranu_cpu_rdy = peri_mmu_rdy 
imu_cpu_berr = peri_mmu_berr 
else //we have a problem (almost certainly a null pointer) 
peri_access_en = 0 
dram_access_en = 0 
mmu,cpu_berr = 1 
mmu__cpu_rdy = 0 

PS5 Description: This large section of pseudocode simply checks whether the access is within the bounds 
of DRAM RegionO and if so whether or not the access is of a type permitted by the RegionOControl regis- 
ter. If the access is permitted then a DRAM access is initiated for all data accesses and for instruction 
fetches that result in a cache miss. All instruction fetches are returned via the ICache interface regardless 
of whether they come from a cache hit or refill from DRAM, If the access is not of a type permitted by the 
RegionOControl register then the access is terminated with a bus error. 

PS5: 

elsif { (cpu_adr_dram_masked >= RegionOBottom) AND ( cpu_a dr _dr am_ma s k e d <= 
RegionOTop) ) then //we are in RegionO 

// We need to check that the DRAM access does not cross a 2 56 -bit boundary 
// Only 16 or 32 -bit CPU accesses are capable of traversing a 256-bit boundary 

it ( ( ( cpu_mmu_adr [4:0] == OxlF) AND UcpujDen == bOl) OR (cpujben = = bio) ) ) 
OR ( ( cpu_mrau_adr [4:0] == OxlE) AND (cpujben == blO) ) 
OR ( (cpu_mmu_adr{4 :0] == OxlD) AND <cpu_ben blO) ) ) then 

peri_access_en = 0 

dram_access_en =» 0 

mmu_cpu_be r r = 1 

mmu_cpu_rdy = 0 

else // access does not cross 256-bit boundary so we can proceed 
cpu.adr = cpujranu_edr (21:0] 
if (cpu_rwn == 1) then 

if ( (cpu_acode == SupervisorProgramSpace AND RegionOControl [2 ] == 1M 
OR (cpu_acode == User Programs pace AND RegionOControl t 5] 1)) then 

// this is a valid instruction fetch from RegionO 
peri.access_.en = 0 
dram_access_en = 1 
mmu_cpu_da t a = ic_data 
mmu_cpu_rdy = ic_rdy 
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mmu_cpu_berr = 0 

elsif { (cpu_acode == SupervisorDataSpace AND RegionOControl (0) == 1) 
OR (cpu_acode UserDataSpace AND RegionOControl [3 ] -= 1) > then 

// this is a valid read access frpra RegionO 

peri_access_en = 0 
drara_access_en = 1 

mmu_cpu_data = dram_data // possibly drc_data if dcache is used 
mmu_cpu_rdy = dram_rdy // possibly drc_rdy 
mmu_cpu_berr = 0 

else // we have an access violation 

peri_access_en = 0 
dram_access_en = 0 
mmu_cpu_berr = 1 
mrau_cpu_rdy = 0 



se // it is a write access 

if ( (cpu_acode == SupervisorDataSpace AND RegionOControl [1] 1) 

OR <cpu_acode == UserDataSpace AND RegionOControl [4] 1>) then 

// this is a valid write access to RegionO 

peri_access_en = 0 
draituaccess_en = 1 

mmu_cpu_rdy = dram_rdy // possibly dwc_rdy if dcache is used 
mmu_cpu_berr = 0 
else //we have an access violation 

peri_access_en = 0 
dram_acc ess_en = 0 
mmu_cpu_berr = 1 
mmu_cpu__rdy = 0 



PS6 Description: This final section of pseudocode deals with the special case of a bus timeout. This 
occurs when an access has been initiated but has not completed before the timeoutjimit number of pclk 
cycles. While access to both DRAM and CPU/PEP Subsystem registers will take a variable number of 
cycles (due to DRAM traffic, PCU command execution or the different timing required to access registers 
in imported IP) each access should complete before the timeoutjimit occurs. Therefore it should not be 
possible to stall the CPU by locking either the CPU Subsystem or DIU buses. However given the fatal 
effect such a stall would have it is considered prudent to implement bus timeout detection. 

PS6: 

// Only thing remaining is to implement a bus timeout function. 

if ( <cpu_start_access 1> then 
access_initiated = TRUE 
timeout_countdown = BusTimeout 

if ( (mmu_cpu_rdy == 1 ) OR (mmu_cpu_berr ==1 >) then 
access_initiated = FALSE 
peri_access_en = 0 
dram_access_en = 0 

if ( (clock_tick == TRUE) AND (access_ini tiated == true)) 
if ( t imeout_countdovm > 0) then 

t imeou t_c o un tdown - - 
else // timeout has occurred 

peri_access_en =0 // abort the access 

dram_access_en = 0 
rnmu_cpu_berr = 1 
mmu_cpu_rdy = 0 
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11.6.6.5 ICache 



The ICache sub-block implementation is described in section 1 1.7.1.1. 



11.7 



Cache 



The decision on what type of caching solution to use on SoPEC is still open for the moment. There are 
two probable solutions: a) use the LEON caches with a minimal configuration (1 KB I and D caches) and 
b) use separate, simple one line 256-bit caches for instruction, data read and data write accesses. From a 
performance and (most likely) implementation point of view the LEON caches are the best solution how- 
ever they are much bigger than the one line caches (approx 6x). The one line caches do not offer the same 
degree of performance improvement as the LEON caches and are likely to add an extra cycle to all mem- 
ory accesses. The performance penalty for a LEON cache miss (i.e. for all memory accesses if we are not 
using the LEON caches) and the the best and worst case access times from DRAM have yet to be fully 
determinecl The final decision on which caching solution to use will be made when all such information is 
available. 

Therefore the section on caches, which was present in previous versions of this document but is now 
mostly out of date, has been removed (the ICache is still relevant if one line caches are used and so is 
retained). 



A caching mechanism would offer the advantage of greater aggregate performance while still guaranteeing 
a minimum level of performance. While greater performance may not be required at present for this appli- 
cation the caching mechanism offers greater efficiency (i.e. MIPS/MHz) and so the CPU clock could be 
reduced without affecting, or only negligibly affecting, the operating performance. The advantage here is 
that the design is scalable - better performance can be achieved by simply increasing the clock rate. 

As all reads from the embedded DRAM on SoPEC produce words that are 256 bits wide it is inefficient to 
hook this up to a 32-bit CPU bus as 224 bits of each read would be discarded. If the full 256-bit word is 
stored locally to the CPU as a single-line cache then a ??x performance improvement could be obtained in 
the typical case (this is of course highly code dependent). This single line cache would be very easy to 
implement as it would just involve the address to be compared to a single tag and no replacement algo- 
rithm would be required. Furthermore the area impact would be minor and there should be no performance 
penalty for cache misses. As the dram_cpu_data bus is 256 bits wide the requested word is immediately 
available to the CPU i.e. we do not need to perform critical word first reordering of the data. 

The instruction cache is only accessed for instruction fetches, not all CPU reads. These can be differenti- 
ated by signals emanating from the CPU. Non-instruction CPU reads would be supported by the data 
cache. In the case of a cache miss the read request is processed by the MMU to ensure the request is valid 
before a read request is generated on the relevant external (to the CPU block) bus. The MMU should be 
informed of a cache hit to ensure it does not generate an unneccessary read request. This requires that the 
regions used to store code are aligned on 32-byte (256-bit) boundaries. 

As there is no requirement to have more time deterministic code execution the instruction cache cannot be 
disabled. 



The Instruction Cache used in SoPEC is capable of storing just a single 256-bit DRAM word. An imple- 
mentation is depicted in Figure 22 below. The block I/Os are given in Table 24 and these should be viewed 
in conjunction with Figure 19 and Figure 20 for a complete depiction of the connectivity of the block. 



11.7.1 



Instruction Cache 



1 1. 7. 1. 1 ICache Implementation 
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Figure 22. ICache Block Diagram 
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Table 24. ICache l/Os 



IPs 



Global SoPEC signals 



prst_n 


1 


In 


Global reset. Synchronous to pcik, active low. 


pcik 


1 


In 


Global clock 


Toplevel ICache signals 


dram_cpu_data(255:0] 


256 


In 


Data bus from the OIU 


cpu_acode{1 :0] 


2 


In 


CPU access control signals 


cpu_adrf2l:2] 


20 


In 


CPU core address bus. 


ICache to DfU Bus Interface signals 


ic_cache_hft 


1 


Out 


Cache hit signal. This indicates that the current CPU read request 
is being serviced by the ICache and so should not be retrieved from 
the DRAM. 


dram_rdy 


1 


fn 


Data Ready signal. Indicates the data on the dram cpu data bus is 
valid. 


ICache to MMU Control Block signals 


«c_data(31:0j j 32 | Out | ICache data bus 
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Table 24. ICache l/Os 



\tmtttm 


SMS 






ic_rdy 


1 


Out 


Ready signal from the ICache indicating the data on icjdata is valid 


dram_access_en 


1 


Out 


DRAM access enable signal. Indicates that the current CPU access 
is a valid DRAM access. 



Description: 

The Tag stores the DRAM word address of the word currently in cache. The Tag contents are compared 
with cpu_adr[21:5] each time the CPU requests an instruction fetch from a valid DRAM address (indi- 
cated by cpu_acodefO] and dram_access_en). If a match occurs (i.e. a cache hit) the access is serviced by 
returning the correct 32 bits (as selected by cpu_adr[4:2]) to the MMU Control Block. If a match does not 
occur (i.e. a cache miss) the ic_cachejxit line is held low indicating to the DIU Bus Interface that a 
DRAM access should commence. Completion of the DRAM access is signalled by the assertion of 
dram_rdy and this causes the ICache contents to be updated, the Tag value replaced and the relevant 32 
bits forwarded to the CPU accompanied by the assertion of the ic_rdy signal. It is updated each time the 
cache line is refilled from DRAM. All instruction fetches from DRAM are cacheable, regardless of which 
DRAM region is being accessed (although the access permissions still need to match those programmed 
for the region) and whether the CPU is in user or supervisor mode. 



11.7.2 Data Cache 



1 1 .8 Realtime Debug Unit (RDU) 

The RDU facilitates the observation of the contents of most of the CPU addressable registers in the SoPEC 
device in addition to some pseudo-registers in realtime. The contents of pseudo-registers, i.e. registers that 
are collections of otherwise unobservable signals and that do not affect the functionality of a circuit, are 
defined in each block as required. Many blocks do not have pseudo-registers and some blocks (e.g. ROM , 
. PSS) do not make debug information available to the RDU as it would be of little value in realtime debug/ 
Each block that supports realtime debug observation features a DebugSelect register that controls a local 
mux to determine which register is output on the block's data bus (i.e. bhck_cpu_data). One small draw- 
back with reusing the blocks data bus is that the debug data cannot be present on the same bus during a 
CPU read from the block. An accompanying active high block_cpu_debug_yalid signal is used to indicate 
when the data bus contains valid debug data and when the bus is being used by the CPU. There is no arbi- 
tration for the bus as the CPU will always have access when required A block diagram of the RDU is 
shown in Figure 23. 
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Figure 23. Realtime Debug Unit block diagram 



Table 25. RDU l/Os 









diu_cpu_data 


32 


In 


Read data bus from the DIU block 


cpr_cpu_data 


32 


In 


Read data bus from the CPR block 


gpio_cpu_data 


32 


In 


Read data bus from the GPIO block 


icu_cpu_data 


32 


in 


Read data bus from the ICU block 


(ss_cpu_data 


32 


In 


Read data bus from the LSS block 


pcu_cpu_debug_data 


32 


In 


Read data bus from the PCU block 
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Table 25. RDU l/Os 



fSSSBMSB 


IS 






scb_cpu_data 


32 


In 


Read data bus from the SCB block 


tim_cpu_data 


32 


In 


Read data bus from the TIM block 


diu_cpu_debug_valkJ 


1 


In 


Signal Indicating the data on the diu^cpu_data bus is valid debug 
data. 


tim_cpu_debug_valid 


1 


In 


Signal indicating the data on the tim_cpu_data bus is valid debug 
data. 


scb_cpu_debug_vaJid 


1 


In 


Signal indicating the data on the scb_cpu_data bus is valid debug 
data. 


pcu_cpu_debug_valid 


1 


In 


Signal indicating the data on the pcu_cpu_data bus is valid debug 
data. 


lss_cpu_debug_valid 


1 


In 


Signal indicating the data on the iss_cpu_data bus Is valid debug 
data. 


icu_cpu_debug_valid 


1 


In 


Signal indicating the data on the icu_cpu_data bus is valid debug 
data. 


gpk>_cpu_debug_valid 


1 


In 


Signal indicating the data on the gpio_cpu_data bus is valid debug 
data. 


cp r_cp u_de bu g _val id 


1 


In 


Signal indicating the data on the cpr_cpu__data bus is valid debug 
data. 


debug_data__out 


18 


Out 


Output debug data to be muxed on to the PHI/GPIO/other pins 


debug_data_vaJid 


1 


Out 


Debug valid signal indicating the validity of the data on 
debug_ data_out. This signal is used in ail debug configurations 


debug_cntrl 


19 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data should be selected by the pin mux 



As there are no spare pins that can be used to output the debug data to an external capture device some of 
the existing I/Os will have a debug multiplexer placed in front of them to allow them be used as debug 
pins. Unfortunately many of the pins on SoPEC cannot even be multiplexed in this fashion so it will not be 
possible to output a full 32-bit debug data word every cycle. The exact number of pins available for multi- 
plexing had yet to be finalised at the time of writing. This specification assumes 20 pins will be available 
but this can easily be revised up or, more likely, down. Furthermore not every pin that has a debug mux 
will always be available to carry the debug data as they may be engaged in their primary purpose e.g. as a 
GPIO pin. The RDU therefore outputs a debug_cntrl signal with each debug data bit to indicate whether 
the mux associated with each debug pin should select the debug data or the normal data for the pin.The 
DebugPinSel is used to determine which of the 20? potential debug pins are enabled for debug at any par- 
ticular time. 

As it is not possible to output a full 32-bit debug word every cycle the RDU supports the outputting of an 
n-bit sub-word every cycle to the enabled debug pins. Each debug test would then need to be re-run a num- 
ber of times with a different portion of the debug word being output on the n-bit sub-word each time. The 
data from each run should then be correlated to create a full 32-bit (or whatever size is needed) debug 
word for every cycle. The debug_data_yalid and pclkjout signals will accompany every sub-word to allow 
the data to be sampled correctly. The pclkjout signal is sourced close to its output pad rather than in the 
RDU to minimise the skew between the rising edge of the debug data signals (which should be registered 
close to their output pads) and the rising edge of pclkjout. 

As multiple debug runs will be needed to obtain a complete set of debug data the n-bit sub- word will need 
to contain a different bit pattern for each run. For maximum flexibility each debug pin has an associated 
DebugDataSrc register that allows any of the 32 bits of the debug data word to be output on that particular 
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debug data pin. The debug data pin must be enabled for debug operation by having its corresponding bit in 
the DebugPinSel register set for the selected debug data bit to appear on the pin. 

The size of the sub-word is determined by the number of enabled debug pins which is controlled by the 
DebugPinSel register. Note that the debug_data_yalid signal is always output. Furthermore 
debug_jcntrl[0] (which is configured by DebugPinSel [0]) controls the mux for both the debug_data_yalid 
andpclk_out signals as both of these must be enabled for any debug operation. 

The mapping of debug__datajout[n] signals onto individual pins will take place outside the RDU. When 
the exact mapping has been finalised it will be recorded here. A proposed mapping is shown in Table 26 
below. 



Table 26. Example DebugPinSel mapping 



mm 




0 


phi_frcik. The debug_da valid signal will 
appear on this pin when enabled. Enabling this 
pin also automatically enables the phi_readl pin 
which will output the p&f^out signal 


1 


phi_profile 


2 


phijsynd 


3 


test pin \ 


4 


test pin2 


5-18 


gpio[0..,13] 



Table 27. RDU Configuration Registers 













0x80 


DebugSrc 


4 


0x00 


Denotes which block is supplying the debug 
data. The encoding of this block is given below. 
0-MMU 
1 - TIM 

2- LSS 

3- GPIO 

4- SCB 

5- ICU 

6- CPR 

7- DIU 

8- PCU 


0x84 


DebugPinSel 


19 


OxOJXJOO 


Determines whether a pin is used for debug data 
output. A provisional mapping of pin to bit posi- 
tion is given in Table 26. 
1 - Pin outputs debug data 
0 - Normal pin function 


0x88 to OxCC 


DebugDataSrcN 


5 


0x00 


Selects which bit of the 32-bit debug data word 
will be outputted on debug_data_out(N] 



1 1 .9 Interrupt Operation 

The interrupt controller unit (see chapter 14) generates an interrupt request by driving interrupt request 
lines with the appropriate interrupt level. LEON supports 15 levels of interrupt with level 15 as the highest 
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level (the SPARC architecture manual [32] states that level 15 is non-maskable but we have the freedom to 
mask this if desired). The CPU will begin processing an interrupt exception when execution of the current 
instruction has completed and it will only do so if the interrupt level is higher than the current processor 
priority. If a second interrupt request arrives with the same level as an executing interrupt service routine 
then the exception will not be processed until the executing routine has completed. 

When an interrupt trap occurs the LEON hardware will place the program counters (PC and nPC) into two 
local registers. The interrupt handler routine is expected, as a minimum, to place the PSR register in 
another local register to ensure that the LEON can correctly return to its pre-interrupt state. The 4-bit inter- 
rupt level (irl) is also written to the trap type (tf) field of the TBR (Trap Base Register) by hardware. The 
TBR then contains the vector of the trap handler routine the processor will then jump. The TBA (Trap 
Base Address) field of the TBR must have a valid value before any interrupt processing can occur so it 
should be configured at an early stage. 

Interrupt pre-emption is supported while ET (Enable Traps) bit of the PSR is set This bit is cleared during 
the initial trap processing. In initial simulations the ET bit was observed to be cleared for up to 30 cycles. 
This causes significant additional interrupt latency in the worst case where a higher priority interrupt 
arrives just as a lower priority one is taken. 

The interrupt acknowledge cycles shown in Figure 24 below are derived from simulations of the LEON 
processor and accompanying interrupt controller. This interrupt controller will be replaced by the ICU in 
the SoPEC design- The LEON signal names are used for future reference. An interrupt is asserted by driv- 
ing its (encoded) level on the iuUrl[3:0] signals. The LEON core responds to this, with variable timing, by 
reflecting the level of the taken interrupt on the iuo.irl[3:0] signals and asserting the acknowledge signal 
iuo.intack.ThQ interrupt controller then removes the interrupt level one cycle after it has seen the level been 
acknowledged by the core, rf there is another pending interrupt (of lower priority) then this should be 
driven on iulirl[3:0] and the CPU will take that interrupt (the level 9 interrupt in the example below) once 
it has finished processing the higher priority interrupt. The iuo.irl[3:0] signals always reflect the level of 
the last taken interrupt, even when the CPU has finished processing all interrupts. 



pclk 



iui.irl[3:0] 0x0 



0x5 



0x0 



iuo.lrl[3:0] K<^SSSS^ 0x5 



iuo.intack 



iuiJrt{3:0] 



0x9 



0x8 



iuo.irl[3:0] [ 
iuo.intack 



OxA 



0x9 



Figure 24. Interrupt acknowledge cycles for a single and pending interrupts 
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Boot Operation 

See section 17.2 for a description of the SoPEC boot operation. 

Software Debug 

Software debug mechanisms are discussed in the "SoPEC Software Debug" document [15]. 



11.10 

11.11 

I 



Doc: SoPEC_hardware_design S3 Proprietary Document 29 Nov 2002 

Version: 2.3 Page 10 o 



SoPEC : Hardware Design 



12 Serial Communications Block (SCB) 

12.1 Overview 

The Serial Communications Block (SCB) handles the movement of all data between the SoPEC and the 
host device (i.e. PC) and between master and slave SoPEC devices. The SCB consists of a USB 1.1 device 
controller, an Inter-SoPEC Interface (ISI) and a DMA manager. A block diagram of the SCB is shown in 
Figure 25 below. The major blocks of the SCB, namely the ISI, USB and DMA manager, could be imple- 
mented as separate blocks but are integrated to take advantage of the performance gains and design simpli- 
fications that a tighter coupling allow. 




usb_clk 
* usb_cpr_reset_n 

cpu_adrfn:2] 
cpu_dataout[31 :0] 
scb_cpu_data[31 :0] 

cpu_scb_seJ 
cpu_rwn 
cpu_acode[2:0] 
scb_cpu_rdy 
scb_cpu_berr 
dma_icu_irq 
isi_icu_jrq 
usb_jcu_irq 

scb_diu_wadr[21 :5] 
scb_diu_data[63:0] 
scb_diu_wreq 
diu_scb_wack 
scb_diu_wvalid 



+> scb_cpu_debug__valid 



isi_cpr_reset_n 



prst n 
pcik 



Figure 25. Serial Communications Block 

The USB Controller will be an imported piece of IP. There are many possible sources of this block but it is 
likely that it will be supplied by the silicon vendor - all three current silicon vendor candidates will supply 
USB 1.1 controllers, although some of these have been sourced from a third party. 

The SCB can be seen in the context of the overall SoPEC device in Figure 26 below 
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Slave 
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DIU 
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Print Engine Pipeline sub-system 



PCU 



Master 
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LBD 



SFU 



TE 
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DNC «■ 
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PH! 



PEP Configuration Bus 
Figure 26. SoPEC toplevel block diagram 
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12.2 Definitions of I/Os 

Table 28. Serial Communications Block I/O 











Clocks and Resets 


prst_n 


1 


In 


System reset signal. Active few. 


pdk 


1 


In 


System dock. 


usb_clk 


1 


In 


Clock far the USB controller block. 


isLcpr_reset_n 


1 


Out 


Signal from the ISI Indicating that I SI activity has been detected 
white in sleep mode and so the chip should be reset Active low. 


usb_cpr_reset_n 


1 


Out 


Signal from the USB controller that a US8 reset has occurred. 
Active low. 


CPU rntertace 


cpu_adrfn:2] 


n-1 


In 


CPU address bus. Exact width is currently TBD as it is dependent 
on the address maps of imported IP 


cpu_dataout(31 :0] 


32 


In 


Shared write data bus from the CPU 


scb_cpu_data[3 1 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 




In 


Common read/not-write signal from the CPU 


cpu_fc[2:0] 




In 


CPU Function Code signals. 


cpu_scb_sel 




In 


Block select from the CPU. When cpULSCb_se/ is high both cpu_adr 
and cpu^dataout are valid 


scb_cpu_rdy 




Out 


Ready signal to the CPU. When sct>_cpu_rdy is high it indicates the 
last cycle of the access. For a write cycle this means cpu_dataout 
has been registered by the SCB and for a read cycle this means the 
data on scb_cpu_data is valid. 


scb_cpu_berr 




Out 


Bus error signal to the CPU indicating an invalid access. 


scb_cpu_debug_vafid 




Out 


Signal indicating that the data currently on scb_cpu__data is valid 
debug data 


Interrupt signals 


dma_icu_irq 




Out 


DMA interrupt signal to the interrupt controller block. 


is Lieu J rq 




Out 


ISI interrupt signal to the interrupt controller block. 


usb_icu_irq 




Out 


USB interrupt signal to the interrupt controller block. 


DiU interface 


scb_diu_wadrf21:5] 


17 


Out 


Write address bus to the DIU 


scb_diu_data[63 :0] 


64 


Out 


Data bus to the DIU. 


scb_diu_wreq 




Out 


Write request to the DIU 


diu_scb_wack 




tn 


Acknowledge from the DIU that the write request was accepted. 


scb_dhj_wvalid 




Out 


Signal from the SCB to the DIU indicating that the data currently on 
the scb_diu_data{63:0} bus is valid 


GPIO Interface 


isi_gpio_doutp:Oj 


2 


Out 


ISI output data to GPIO pins 


isi_gpio_e[1 :0] 


2 


Out 


ISI output enable to GPIO pins 


gpto_isLdin(1:0) 


2 


In 


Input data from GPIO pins to ISI ; 
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J3 



| 12.3 MULTI-SOPEC SYSTEMS 



While single SoPEC systems are expected to form the majority of SoPEC systems the SoPEC device must 
also support its use in multi-SoPEC systems such as that shown in Figure 27 below. A SoPEC may be 
assigned any one of a number of identities in a multi-SoPEC system. A SoPEC may be one or more of a 
PrintMaster, a LineSyncMaster, an ISIMaster, a StorageSoPEC or an ISISlave SoPEC 



r — — i 

I replaceable i 
i Ink cartridge i 




prfnthaad assembly 

Figure 27. A3 duplex system featuring four printing SoPECs with a single 

SoPEC DRAM device 



12.3.1 ISIMaster device 

The ISIMaster is the only device allowed to drive the common ISI line (see Figure 28) and interfaces 
directly with the host. In most systems the ISIMaster will simply be the SoPEC connected to the USB bus. 
Future systems, however, may employ an ISI-Bridge chip to interface between the host and the ISI bus and 
in such systems the ISI-Bridge chip will be the ISIMaster. There can only be one ISIMaster on an ISI bus. 

1 2.3.2 PrintMaster device 

The PrintMaster device is responsible for co-ordinating all aspects of the print operation. This includes 
starting the print operation in all printing SoPECs and communicating status back to the host. When the 
ISIMaster is a SoPEC device it is also likely to be the PrintMaster as well. There may only be one Print- 
Master in a system and it is most likely to be a SoPEC device. 
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12.3.3 LfneSyncMaster device 

The LineSyncMaster device generates the Isync pulse that all SoPECs in the system must synchronize 
their line outputs with. Any SoPEC in the system could act as a LineSyncMaster although the PrintMaster 
is probably the most likely candidate. It is possible that the LineSyncMaster may not be a SoPEC device at 
all - it could, for example, come from some OEM motor control circuitry. There may only be one LineSyn- 
cMaster in a system. 

12.3.4 Storage device 

For certain printer types it may be realistic to use one SoPEC as a storage device without using its print 
engine capability - that is to effectively use it as an ISI-attached DRAM. A storage SoPEC would receive 
data from the ISIMaster (most likely to be an ISI-Bridge chip) and then distribute it to the other SoPECs as 
required. No other type of data flow (e.g. ISISIave -> storage SoPEC -> ISISlave) would need to be sup- 
ported in such a scenario. The SCB supports this functionality at no additional cost because the CPU han- 
dles the task of transferring outbound data from the embedded DRAM to the ISI transmit buffer. The CPU 
in a storage SoPEC will have almost nothing else to do. 

12.3.5 ISISIave device 

Multi-SoPEC systems will contain one or more ISISIave SoPECs. An ISISIave SoPEC is primarily used to 
generate dot data for the printhead IC it is driving. 

12.3.6 ISI-Bridge device 

SoPEC is targeted at the low-cost small office / home office (SoHo) market. It may also be used in future 
systems that target different market segments which are likely to have a high speed interface capability. A 
future device, known as an ISI-Bridge chip, is envisaged which will feature both a high speed interface 
(such as USB2.0, Ethernet or IEEE1394) and one or more ISI interfaces. The use of multiple ISI buses 
would allow the construction of independent print systems within the one printer. The ISI-Bridge would be 
the ISIMaster for each of the ISI buses it interfaces to. 

12.3.7 Host device 

The host device will invariably be, but is not required to be, a PC. Any device that can act as a USB host or 
that can interface to an ISI-Bridge chip could be the host device. In particular, with the development of 
USB On-The-Go (USB OTG), it is possible that a number of USB OTG enabled products such as PDAs or 
digital cameras will be able to directly interface with a SoPEC printer. 

12.4 Types of' communication 

12.4.1 Communications with host 

The host communicates directly with the ISIMaster in order to print pages. When the ISIMaster is a 
SoPEC, the communications channel is USB 1.1. 

1 2.4. 1. 1 Host to ISIMaster communication 

The host will need to communicate the following information to the ISIMaster device: 

• Communications channel configuration and maintenance information 

• All data destined for PrintMaster, ISISIave or storage SoPEC devices. This data is simply relayed by 
the ISIMaster 

• Mapping of virtual communications channels, such as USB endpoints, to ISI destination 
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12.4.1.2 ISIMaster to host communication 



The ISIMaster will need to communicate the following information to the host: 

• Communications channel configuration and maintenance information 

• All data originating from the PrintMaster, ISISlave or storage SoPEC devices and destined for the host. 
This data is simply relayed by the ISIMaster 



The host will need to communicate the following information to the PrintMaster device: 

• Program code for the PrintMaster 

• Compressed page data for the PrintMaster 

• Control messages to the PrintMaster 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 



The PrintMaster will need to communicate the following information to the host: 

• Printer status information (i.e. authentication results, paper empty/jammed etc.) 

• Dead nozzle information 

• Memory buffer status information 

• Power management status 

• Encrypted SoPEC_id for use in the generation of PRINTER_QA keys during factory prograrnming 



All communication between the host and ISISlave SoPEC devices must take place via the ISIMaster. In 
the case of a SoPEC ISIMaster it is possible to configure each individual USB endpoint to act as a control 
channel to an ISISlave SoPEC if desired, although the endpoints will be more usually used to transport 
data. The host will need to communicate the following information to ISISlave devices over the comms/ 
ISI: 

• Program code for ISISlave SoPEC devices 

• Compressed page data for ISISlave SoPEC devices 

• Control messages to the ISISlave SoPEC (where a control channel is supported) 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 



All communication between the ISISlave SoPEC devices and the host must take place via the ISIMaster. 
The ISISlave will need to communicate the following information to the host over the comms/ISI: 

• Responses to the host's control messages (where a control channel is supported) 

• Dead nozzle information from the ISISlave SoPEC. 

• Encrypted SoPEC Jd for use in the generation of PRTNTER_QA keys during factory prograrnming 



12.4. 1.3 Host to PrintMaster communication 



12.4. 1.4 PrintMaster to host communication 



12.4.1.5 Host to iSiSiave communication 



12.4.1.6 iSiSiave to host communication 
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12.4.2 Communication over ISI 



12.4s 2. 1 ISIMaster to PrintMaster communication 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the host destined for the PrintMaster (see section 12.4.1.3). This data is simply relayed 
by the ISIMaster 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the PrintMaster destined for the host (see section 12.4.1.4). This data is simply relayed 
by the ISIMaster 



The ISIMaster may wish to communicate the following information to the ISISlaves: 

• All data (including program code such as ISIId enumeration) originating from the host and destined for 
the ISISlave (see section 12.4.1.5). This data is simply relayed by the ISIMaster 

• wake up from sleep mode 



The ISISlave may wish to communicate the following information to the ISIMaster: 
• All data originating from the ISISlave and destined for the host (see section 1 2.4. 1 .6). This data is sim- 
ply relayed by the ISIMaster 



When the PrintMaster is not the ISIMaster all ISI communication is done in response to ISI ping packets 
(see 12.6.4.5). When the PrintMaster is the ISIMaster then it will of course communicate directly with 
the ISISlaves. The PrintMaster SoPEC may wish to communicate the following information to the ISISla- 
ves: 

• Ink status e.g. requests for dotCount data i.e. the number of dots in each color fired by the printheads 
connected to the ISISlaves 

• configuration of GPIO ports e.g. for clutch control and lid open detect 

• power down command telling the ISISlave to enter sleep mode 

• ink cartridge fail information 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

In general the PrintMaster may need to be able to: 

• send messages to an ISISlave which will cause the ISISlave to return the contents of ISISlave registers 
to the PrintMaster or 

• to program ISISlave registers with values sent by the PrintMaster 

This should be under the control of software running on the CPU which writes messages to the ISI/SCB 
interface. 



12.4.2.2 PrintMaster to ISIMaster communication 



12.4.2.3 ISIMaster to ISISlave communication 



12.4.2.4 ISISlave to ISIMaster communication 



12.4.2.5 PrintMaster to ISISlave communication 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 107 



SoPEC : Hardware Design 



1 2.4.2.6 iSISiave to PrintMaster communication 

ISISlaves may need to communicate the following information to the PrintMaster: 

• ink status e.g. dotCount data i.e. the number of dots in each color fired by the printheads connected to 
the ISISlaves 

• band related information e.g. finished band interrupts 

• page related information i.e.buffer underrun, page finished interrupts 

• MMU security violation interrupts 

• GPIO interrupts and status e.g. clutch control and lid open detect 

• printhead temperature 

• printhead dead nozzle information from SoPEC printhead nozzle tests 

• power management status 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

As the ISI is an insecure interface commands issued over the ISI should be of limited capability e.g. only 
limited register writes allowed The software protocol needs to be constructed with this in mind. In general 
ISISlaves may need to return register or status messages to the PrintMaster or ISIMaster. They may also 
need to indicate to the PrintMaster or ISIMaster that a particular interrupt has occurred on the I SI Slave. 
This should be under the control of software running on the CPU which writes messages to the ISI block. 

12.4.2.7 iSISiave to fSiSlave communication 

It is currently not anticipated that there will be any direct communication between ISISiave SoPECs. How- 
ever they can communicate indirectly via the ISIMaster SoPEC. The most likely scenario for such a com- 
munication mechanism when the PrintMaster is not the ISIMaster (see sections 12.4.2.5 and 12.4.2.6 for a 
description of the information exchanged between a PrintMaster and an ISISiave). ISISiave to ISISiave 
communication would also be required when sending data stored in a storage SoPEC device to an 
ISISiave. 

12.5 USB 

The USB1. 1 interface for the printer should consist of the USB connector, the necessary discretes for USB 
signalling and the SoPEC device. A SoPEC printer will act as a self-powered, full-speed device and 
SoPEC itself will not draw any power from the USB cable. It will support control and bulk transfers. 
Interrupt transfers are not considered necessary because the required interrupt-type functionality can be 
achieved by sending query messages over the control channel on a scheduled basis. There is no require- 
ment to support either isochronous or low-speed transfers. The USB controller must support at least 5 
USB ehdpoints: a control endpoint (endpoint 0) and 4 bulk-data type endpoints. These 4 bulk-data type 
endpoints can be used for the transfer of any type of data: compressed page data, program data or control 
messages. They may also be mapped on to any target destination in a multi-SoPEC system i.e. configura- 
tion is completely programmable. They are envisaged as always being used as USB IN endpoints i.e. they 
will transport data from the host to SoPEC. Any feedback data (e.g. status information) will be returned to 
the host on the control channel (endpoint 0). 

The USB device enumeration process will be handled by the SoPEC CPU and USB controller. Note that 
this requires the on-chip ROM to contain all the required USB driver code. This is not expected to be the 
full USB driver but rather a "USB -lite" driver that has sufficient functionality to download a program to 
DRAM. 

Details of the configuration registers and interface signals will be provided when the implementation IP 
for the USB controller core has been selected. There are several potential candidates for the USB1 . 1 con- 
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troller that are being evaluated in terms of cost, maturity, licensing requirements/restrictions, quality of 
deliverables etc. - as already mentioned the choice of silicon vendor is likely to play a large part in select- 
ing the USB controller 

12.5.1 ISIMaster/ISISfave Identification 

While the USB controller is used for data transfer if a SoPEC is an ISIMaster it may, in certain cases, also 
be used to transfer data to an ISISlave. If the USB is not used for data transfer the device will certainly be 
an ISISlave. In this case the USB pins could be used to identify the device as an ISISlave as the USB 
device controller is expected to allow the single-ended quiescent state of the USB pins to be read by the 
CPU either directly or indirectly (as there should be a register indicating whether the USB controller is 
operating as a full-speed or low-speed device). We adopt the convention that an ISIMaster SoPEC has its 
USB pins configured for full-speed operation (i.e. a pull-up resistor on D+) and an ISISlave SoPEC has its 
USB pins configured for low-speed operation (i.e. a pull-up resistor on D-). This allows the ROM boot- 
code to quickly determine whether the SoPEC is an ISIMaster or ISISlave without needing to wait for 
USB activity. While the ISISlave SoPEC's USB controller believes it is a low-speed device it is never used 
and may be disabled completely (if possible) once the device has been identified as an ISISlave. Note that 
other combinations on the D+ and D- lines may result in unreliable operation of the USB controller. 

The SoPECs identity as an ISIMaster or ISISlave may also be determined from USB or ISI activity. If 
activity is seen on USB endpoints 2-4 then the device is an ISIMaster (note that it is not neccessarily an 
ISIMaster if activity is only seen on endpoints 0 or 1) and the ISI may automatically configure itself as an 
ISIMaster in this situation. If the ISI receives ping packets then it is an ISISlave as only the ISIMaster can 
send ping packets. 

The most suitable ISIMaster/ISISlave identification scheme (i.e. use of USB pins or looking for USB/ISI 
activity) can be chosen by the software for any given printer. 

12.5.2 Wake-up from sleep mode 

The SoPEC will be placed in sleep mode after a suspend command is received by the USB controller. The 
extent of power-down in sleep mode is currently TBD (different silicon vendors offer different options) 
but it is expected to involve the loss of DRAM contents at a minimum. The USB controller (or portions of 
it) will continue to be powered and clocked in sleep mode. It is likely that a USB reset, as opposed to a 
device resume, will be required to bring SoPEC out of its sleep state as the sleep state is hoped to be logi- 
cally equivalent to the power down state. The exact reawakening mechanism will be finalised when the 
sleep state is more precisely defined and the particular implementation of the USB controller is chosen. 

The USB reset signal originating from the USB controller will be propagated to the CPR (as 
usb_cpr_reset__n) if the USBWakeupEnable bit of the WakeupEnable register (see Table 38) has been set. 
The USB WakeupEnable bit should therefore be set just prior to entering sleep mode. 

There are no conditions that require the SoPEC to initiate a USB device wake-up (i.e. where SoPEC sig- 
nals resume to the host after being suspended by the host). 

12.5.3 USB Speed 

The USB speed will be determined by amount of activity from other devices that share the USB bus with 
the printer and the responsiveness of the host in handling USB interrupts. To guarantee bandwidth to the 
printer it is recommended that no other devices are active on the USB bus between the printer and the host. 
If the printer is connected to a USB2.0 host or hub it may limit the bandwidth available to other devices 
connected to the same hub but it would not significantly affect the bandwidth available to other devices 
upstream of the hub. Used in the recommended configuration it is expected that an effective bandwidth of 
8-9 Mbit/s will be achieved. 
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12.6 ISI {Inter SoPEC Interface) 

The ISI is utilised in all system configurations requiring more than one SoPEC. An example of such a sys- 
tem which requires four SoPECs for duplex A3 printing and an additional SoPEC used as a storage device 
is shown in Figure 27. 

The ISI performs much the same function between an ISISlave SoPEC and the ISIMaster as the USB con- 
nection performs between the ISIMaster and the host. This includes the transfer of all program data, com- 
pressed page data and message (i.e. commands or status information) passing between the ISIMaster and 
| the ISISlave SoPECs. Existing requirements indicate that it is sufficient for the ISIMaster to initiate all 

communication with the ISISlaves. 

12.6.1 ISIMaster/ISISIave identification and ISISlave enumeration 

Section 12,5.1 details how a SoPEC is configured as an ISIMaster or ISISlave. The ISIId is established by 
software downloaded over the ISI (in broadcast mode) which looks at the input levels on a number of 
GPIO pins to determine the ISIId. For any given printer that uses a multi-SoPEC configuration it is 
expected that there will always be enough free GPIO pins on the ISISlaves to support this enumeration 
mechanism. 



12.6.2 Wake-up from sleep mode 

Either the PrintMaster SoPEC or the host may place any of the ISISlave SoPECs in sleep mode prior to 
going into sleep mode itself. The ISISlave device should then ensure that its ISIWakeupEnable bit of the 
WakeupEnable register (see Table 38) is set prior to entering sleep mode. In an ISISlave device the ISI 
block will continue to receive power and clock during sleep mode so that it may monitor the gpio_isi_din 
| lines for activity. When ISI activity is detected during sleep mode and the ISIWakeupEnable bit is set the 

ISI asserts the isi_cpr_reset_n signal. This will bring the rest of the chip out of sleep mode by means of a 
wakeup reset. See chapter 1 6 for more details of reset propagation. 

12.6.3 ISI speed 

The ISI will need to run at speed that will allow error free transmission on the PCB while minimising the 
buffering and hardware requirements on SoPEC. While an ISI speed of 10 Mbit/s is adequate to match the 
effective USB1.1 bandwidth it would limit the system performance when a high-speed connection (e.g. 
USB2.0, IEEE1394) is used to attach the printer to the PC. Although they would require the use of an extra 
ISI-Bridge chip such systems are envisaged for more expensive printers (compared to the low-cost basic 
SoPEC powered printers that are initially being targeted) in the future. 

An ISI line speed (i.e. the speed of each individual ISI wire) of 32 Mbit/s is therefore proposed as it will 
allow ISI data to be oversampled 5 times (at a pclk frequency of 160MHz). The total bandwidth of the ISI 
will depend on the number of pins used to implement the interface. The current expectation is that two 
pins will be used, giving a peak raw bandwidth of 64 Mbit/s, and this is the scenario that is used in this 
document. However the ISI protocol will work equally well if four pins are used for transmission/recep- 
tion and this would give a peak raw bandwidth of 128 Mbit/s. The number of pins available for the ISI is 
currently under investigation as part of the package selection process. With either a two or four pin ISI 
solution a 32 Mbit/s line speed would allow the movement of data in to and out of a storage SoPEC (as 
described in 12.3.4 above), which is the most bandwidth hungry ISI use, in a timely fashion. 

The maximum effective bandwidth of a two wire ISI, after allowing for protocol overheads and bus turn- 
around times, is expected to be approx. 50 Mbit/s. 
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12.6.4 ISI protocol 

The ISI is a serial interface utilizing a two wire half-duplex configuration as shown in Figure 28 below. An 
ISIMaster must always be present and up to 14 ISISlaves may also be on the ISI bus. The ISI bus enables 
broadcasting of data, ISIMaster to ISISlave communication, ISISlave to ISIMaster communication and 
ISISlave to ISISlave communication. Flow control, error detection and retransmission of errored packets is 
also supported. ISI transmission is asynchronous and a Start field is present in every transmitted packet to 
ensure synchronization for the duration of the packet. Bit-stuffing is required as it is expected that synchro- 
nization cannot be guaranteed for the length of the longest allowed packet 1 Open Issue: This should be 
confirmed with the spec of the crystal used with SoPEC. We may wish to constrain the spec of xtalin and 
also xtalin for the ISI-Bridge chip to ensure the ISI cannot drift out of sync during packet reception. 
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Figure 28. ISI configuration with four SoPEC devices 

To maximize the effective ISI bandwidth while minimising pin requirements a two wire half-duplex inter- 
leaved transmission scheme is used. Figure 29 below shows how a 16-bit word is transmitted from an ISI- 
Master to an ISISlave. Data is interleaved on a bit-by-bit basis over the two ISI lines and this requires all 
ISI packets to be an even number of bits in length. This interleaving could easily be extended to four pins 
if required. 

All ISI transactions are initiated by the ISIMaster and every non-broadcast data packet needs to be 
acknowledged by the addressed recipient. An ISISlave may only transmit when it receives a ping packet 
(see section 12.6.4.5) addressed to it. To avoid bus contention all ISI devices must wait one bit-time (5 pclk 
cycles) after detecting the end of a packet before transmitting a packet (assuming they are required to 
transmit). All non-transmitting ISI devices must tristate their Tx drivers to avoid line contention. A pull-up 
resistor is therefore required on both ISI lines to reduce the possibility of false data detection. The ISI pro- 
tocol is defined to avoid devices driving out of order (e.g. when an ISISlave is no longer being addressed). 
As the ISI will use standard I/O pads there will be no physical collision detection mechanism. 



1. Current max packet size — 290 bits = 145 bits per line (on a 2 wire ISI) = 725 160MHz cycles. Thus the pclks in the two communicat- 
ing ISI devices should not drift by more than one cycle in 725 i.e. 1379 ppm. Careful analysis of the crystal, PLL and oscillator specs 
and the sync detection circuit is needed here to ensure our solution is robust 
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Figure 29. Half-duplex Interleaved transmission from ISIMaster to ISISIave 

There are three types of ISI packet: a long packet (used for data transmission), a ping packet (used by the 
ISIMaster to prompt ISISlaves for packets) and a short packet (used to acknowledge receipt of a packet). 
All ISI packets are delineated by a Start and Stop fields and transmission is atomic i.e. an ISI packet may 
not be split or halted once transmission has started. 



12. 6.4. 1 ISf transa ctions 



The different types of ISI transactions are outlined in Figure 30 below. As described later all NAKs are 
inferred and ACKs are not addressed to any particular ISI device. 
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Transaction 1: Long packet to an addressed ISISIave 
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Transaction 2: Ping packet to an addressed ISISIave. ISISIave has nothing to send 
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Transaction 3: Ping packet to an addressed ISISIave. ISISIave A responds with a long packet to 
ISISIaveB and ISISlaveB responds with an ACK or NAK. 
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Transaction 4: Ping packet to an addressed ISISIave. ISISlaveA responds with a long packet to 
the ISIMaster and the ISIMaster responds with an ACK or NAK. 



Figure 30. ISI transactions 



12.6.4.2 Start field description and bit stuffing 

The Start field serves two purposes: To allow the start of a packet be unambiguously identified and to 
allow the receiving device synchronise to the data stream. The symbol, or data value, used to identify a 
Start field must not legitimately occur in the ensuing packet. Bit stuffing is used to guarantee that the Start 
symbol will be unique in any valid (i.e. error free) packet. The Start symbol should therefore be suffi- 
ciently long to ensure that the bit stuffing overhead is low but should still be short enough to reduce its own 
contribution to the packet overhead. A Start bit length of 8 bits is therefore used as it is an effective com- 
promise between these two constraints. The Start field, like every byte in a packet, is transmitted with its 
rightmost (lsb) bit first 

If the correct symbol value is used bit stuffing offers the further advantage of forcing transitions on the ISI 
lines which will allow synchronization be maintained. Unfortunately a symbol value that is good for forc- 
ing transitions (e.g. 0x00) is not good for guaranteeing initial synchronization and vice versa i.e. a symbol 
such as OxAA would ensure initial synchronization but cannot prevent synchronization being lost if a long 
run of zeroes or ones is subsequently transmitted. 

To resolve this conflict the Start symbol will be OxAA and three different types of bit stuffing are used. 
Whenever OxAA is encountered in the data stream a 0 is inserted before the msb resulting in the 9-bit 
value 0xl2A (i.e. blOlOlOlO -> b 100 1 01 010). To ensure transitions occur during a long run of zeroes a 1 
is inserted after 7 zeroes thus 0x00 becomes 0x080 (i.e. bOOOOOOOO -> bO 10000000). Likewise to ensure 
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transitions will occur during a run of ones a 0 is inserted after 7 ones and so OxFF becomes 0xl7F (i.e. 
bl 1 1 1 1 1 1 1 -> blOl 1 1 1 1 1 1). The receiving ISI device must detect these special values and strip out the 
inserted ones and zeroes. 

Note that any violation of bit stuffing will result in the FrameError status bit being set and the incoming 
packet will be treated as an errored packet Furthermore if the Start field is not received as OxAA the 
FrameError status bit is set and incoming data is discarded until a correct Start field is detected 
In a truly random data such a bit stuffing scheme could cause an overhead of approx. 0.15%. While the 
data transmitted over the [SI will not be truly random (0x00 and OxFF are likely to occur more often than 
they would in a random data set) the overhead should remain low and will never exceed 11.1% (i.e. 1 in 
every 9 bits). 

12.6.4.3 Stop field description 

A 2-bit Stop field (= b 1 1 ) is used to ensure that both lines return to the high state before the next packet is 
transmitted. Two bits are required because the Stop field will be interleaved over both IS! lines (4 bits 
would be used in a 4 wire ISI). The Stop field is not subject to bit stuffing because bit stuffing could result 
in the final transmitted bit being a 0 on one of the ISI lines. 

12.6.4.4 iSi long packet description 

The format of a long ISI packet is shown in Figure 31 below. Data may only be transferred between ISI 
devices using a long packet as both the short and ping packets have no payload field. Except in the case of 
a broadcast packet, the receiving ISI device will always reply to a long packet with either an explicit ACK 
(no error detected in received packet) or an inferred NAK (an error was detected in the received packet). 
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Figure 31. ISI long packet 

All long packets begin with the Start field as described earlier. The PktDesc field is described in Table 29. 



Table 29. PktDesc field description 



H 




0 


Packet type indicator: 
1 - Short packet 

0 - Non-short {i.e. long/ping) packet 
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Table 29. PktDesc field description 



%3$Bk 




1 


Data payfoad present indicator 

1 - This packet contains payload (i.e. long packet) 

0 - This packet has no payload 


2 


Sequence bit value. Onfy valid for long packets. See section 12.6.4.8 for a 
description of sequence bit operation 



Any ISI device in the system may transmit a long packet but only the ISIMaster may initiate an ISI trans- 
action using a long packet. An ISISlave may only send a long packet in reply to a ping message from the 
ISIMaster. A long packet from an ISISlave may be addressed to any ISI device in the system although the 
ISIMaster (or the PrintMaster if it is a different device) will be the usual recipient. 

The Address field is straightforward and complies with the ISI naming convention described in section 
12.7. 

The payload field is exactly what is in the transmit buffer of the transmitting ISI device and gets copied 
into the receive buffer of the addressed ISI device(s). When present the payload field is always 256 bits. 
To ensure strong error detection a 16-bit CRC is appended This CRC is calculated over the entire packet 
(excluding the Start and Stop fields). The HDLC standard CRC-16 (i.e. G(x) - x 16 +x 12 + x 5 +7) is to be 
used for this calculation, which is to be performed serially. 



12.6.4.5 iSi ping packet 

The ISI ping packet is used to allow ISISlaves transmit on the ISI bus. As can be seen from Figure 32 
below the ping packet is cab be viewed as a special case of the long packet. In other words it is a long 
packet without any payload, whose PktDesc field is always bOOO and whose ISISubld is always 1. The 
ISISubld is unused in ping packets because the ISIMaster is addressing the ISI device rather than one of 
the DMA channels in the device. The ISISlave may address any ISIId.ISISubld in response if it wishes. 
The ISISlave will respond to a ping packet with either an explicit ACK (if it has nothing to send), an 
inferred NAK (if it detected an error in the ping packet) or a long packet (containing the data it wishes to 
send). Note that inferred NAKs do not result in the retransmission of a ping packet This is because the 
ping packet will be retransmitted on a predetermined schedule (see 12.6.4.10 for more details). 




I 1 1 I I i 

8 bits 3 bits 5 bits 16 bits 2 bits 



Figure 32. ISI ping packet 

An ISISlave should never respond to a ping message to the broadcast ISIId as this must have been sent in 
error. An ISI ping packet will never be sent in response to any packet and may only originate from an ISI- 
Master. 
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12.6.4.6 tSf short packet description 

The ISI short packet is only 14 bits long, including the Start and Stop fields. A value of blOOl is proposed 
for the ACK symbol. As a 16-bit CRC is inappropriate for such a short packet it is not used. In fact there is 
only one valid value for a 14-bit short ACK packet as the Start, ACK and Stop symbols aU have fixed val- 
ues. Short packets are only used for acknowledgements (i.e explicit ACKs). The format of a short ISI 
packet is shown in Figure 33 below. 



Start 


Ack 
Symbol 


Stop 


ii ii 


8 bits 


4 bits 


2 bits 



Figure 33. Short ISI packet 

12.6.4. 7 Error detection and retransmission 

The 16-bit CRC will provide a high degree of error detection and the probability of transmission errors 
occurring is very low as the transmission channel (i.e, PCB traces) will have a low inherent bit error rate. 
The number of undetected errors should therefore be minute. A simple retransmission mechanism frees 
the CPU from getting involved in error recovery for most errors because the probability of a transmission 
error occurring more than once in succession is very, very low in normal circumstances. 

After each non-short ISI packet is transmitted the transmitting device will open a reply window. The size 
of the reply window will be 9 bit times (i.e. 14 bits transmitted on two wires plus 2 bit times to allow for 
bus turnarounds and timing differences) when a short packet is expected and 147 bit times (i.e. 290 bits 
transmitted on two wires plus 2 bit times to allow for bus turnarounds and timing differences) when a long 
packet is expected in reply. 

When a packet has been received without any errors the receiving ISI device must transmit its acknowl- 
edge packet (which may be either a long or short packet) before the reply window closes. When detected 
errors do occur the receiving ISI device will not send any response. The transmitting ISI device interprets 
this lack of response as a NAK indicating that errors were detected in the transmitted packet or that the 
receiving device was unable to receive the packet for some reason. If a long packet was transmitted the 
transmitting ISI device will keep the transmitted packet in its transmit buffer for retransmission. If the 
transmitting device is the ISIMaster it will retransmit the packet immediately while if the transmitting 
device is an ISISlave it will retransmit the packet in response to the next ping it receives from the ISIMas- 
ter. 

The transmitting ISI device will continue retransmitting the packet when it receives a NAK until it either 
receives an ACK or the number of retransmission attempts equals the value of the NumRetries register. If 
the transmission was unsuccessful then the transmitting device sets the TxError bit in its ISTStatus register. 
The receiving device also sets the RxError bit in its ISIStatus register whenever it detects NumRetries + 1 
errored packets in succession. The NumRetries registers in all ISI devices should therefore be set to the 
same value for consistent operation. Note that successful transmission or reception of ping packets do not 
affect retransmission operation. Open Issue: In the case of an ISI device receiving a packet in error from 
an ISISlave the NumRetries count will be reset if it subsequently receives an error free packet from any ISI 
device (which may not be the ISISlave that transmitted the errored packet). Thus the RxError operation is 
only effective for ISIMaster to ISISlave transactions as these are the only ones where retransmissions will 
be sequential. Either we live with this or we could implement a NumRetriesCount window which would 
allow all NAKs within a specified window to be counted. If NumRetries is exceeded within this window 
then we have a RxError otherwise we can reset the count. 
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Note that either a transmit or receive error will cause the ISI to stop transmitting or receiving respectively. 
CPU intervention will be required to resolve the source of the problem and to restart the ISI transmit or 
receive operation. Transmit or receive errors should be extremely rare and their occurrence will most 
likely indicate a serious problem. 

Note that broadcast packets are never acknowledged to avoid contention on the common ISI lines. If an 
ISISlave detects an error in a broadcast packet it must use the message passing mechanism described ear- 
lier to alert the ISIMaster to the error. 



12.6.4.8 Sequence bit operation 



To ensure that communication between transmitting and receiving ISI devices is correctly ordered a 
sequence bit is included in every long packet to keep both devices in step with each other. Sequence bits 
are not used for short or ping packets as they are not used for data transmission. In addition to the transmit- 
ted sequence bit all ISI devices keep two local sequence bits, one for each ISISubld. Furthermore each ISI 
device maintains a transmit sequence bit for each ISIId and ISISubld it is in communication with. For 
packets.sourced from the host (via USB) the transmit sequence bit is contained in the relevant USBEPnD- 
est register while for packets sourced from the CPU the transmit sequence bit is contained in the 
CPUISITxBuffCntrl register. The sequence bits for received packets are stored in DMAOSeqBit and 
DMAlSeqBit registers. All ISI devices will initialise their sequence bits to 0 after reset. It is the responsi- 
bility of software to ensure that the sequence bits of the traiisrmtting and receiving ISI devices are cor- 
rectly initialised each time a new source is selected for any ISIId.ISlSubld channel. 

Sequence bits are not used in all broadcast and ping packets. Each SoPEC may also ignore the sequence 
bit on either of its ISISubld channels by setting the appropriate bit in the SequenceMask register. The 
sequence bit should be ignored for ISISubld channels that will carry data that can originate from more 
than one source and is self ordering e.g. control messages. 

A receiving ISI device will toggle its sequence bit addressed by the ISISubld only when the receiver is 
able to accept data and receives an error-free data packet addressed to it. The transmitting ISI device will 
toggle its sequence bit for that ISIId.ISlSubld channel only when it receives a valid ACK handshake from 
the addressed ISI device. 

Figure 34 shows the transmission of two long packets with the sequence bit in both the transmitting and 
receiving devices toggling from 0 to 1 and back to 0 again. The toggling operation will continue in this 
manner in every subsequent transmission until an error condition is encountered. 
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Figure 34. Successful transmission of two long packets with sequence bit toggling 
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When the receiving ISI device detects an error in the transmitted long packet or is unable to accept the 
packet (because of full buffers for example) it will not return any packet and it will not toggle its local 
sequence bit An example of this is depicted in Figure 35. The absence of any response prompts the trans- 
mitting device to retransmit the original (seq-0) packet. This time the packet is received without any errors 
(or buffer space may have been freed) so the receiving ISI device toggles its local sequence bit and 
responds with an ACK. The transmitting device then toggles its local sequence bit to a 1 upon correct 
receipt of the ACK. 



Transmitting 
ISI Device 



Receiving 
ISI Device 




Figure 35. Sequence bit operation with errored long packet 

However it is also possible for the ACK packet from the receiving ISI device to be corrupted and this sce- 
nario is shown m Figure 36. In this case the receiving device toggles its local sequence bit to 1 when then 
long packet is received without error and replies with an ACK to the transmitting device. The transmitting 
device detects an error in the ACK packet and so will not change its local sequence bit. It then retransmits 
the seq=0 long packet. When the receiving device finds that there is a mismatch between the transmitted 
sequence bit and the expected (local) sequence bit is discards the long packet and replies with an ACK. 
When the transmitting ISI device correctly receives the ACK it updates its local sequence bit to a 1 thus 
restoring synchronization. Note that when the SequenceMask bit for the addressed ISISubld is set then the 
retransmitted packet is not discarded and so a duplicate packet will be received. The data contained in the 
packet should be self-ordering and so the software handling these packets (most likely control messages) 
is expected to deal with this eventuality. 
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Figure 36. Sequence bit operation with ACK error 
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12.6.4.9 Flow control 



The ISI also supports flow control by treating it in exactly the same manner as an error in the received 
packet Because the SCB enjoys greater guaranteed bandwidth to DRAM than both the ISI and USB can 
supply flow control should not be required during normal operation. Any blockage on a DMA channel will 
soon result in the NumRetries value being exceeded and transmission to that DMA channel being halted. 
Because flow control is treated in the same manner as an error in the received packet neither the transmit- 
ting nor the receiving ISI device will be able to differentiate the cause of a TxError or RxError. 

12.6.4.10 Auto-ping operation 

While the CPU of the ISIMaster could send a ping packet by writing the appropriate header to the 
CPUISITxBuffCntrl register it is expected that all ping packets will be generated in the ISI itself The use 
of automatically generated ping packets ensures that ISISlaves will be given access to the ISI bus with a 
programmable minimum guaranteed frequency in addition to whenever it is idle. Five registers facilitate 
the automatic generation of ping messages within the ISI: PingScheduleO, PingSchedulel, PingSchedule2, 
ISITotalPeriod and ISILocalPeriod. Auto-pinging can be enabled or disabled by writing to the AutoPin- 
gEnable bit of the ISICntrl register. 

Each bit of the 14-bit PingScheduieN register corresponds to an ISlId that is used in the Address field of 
the ping packet and a 1 in the bit position indicates that a ping packet is to be generated for that ISIId A 0 
in any bit position will ensure that no ping packet is generated for that ISIId. As ISISlaves may differ in 
their bandwidth requirement (particularly if a storage SoPEC is present) three different PingSchedule reg- 
isters are used to allow an ISISlave receive up to three times the number of pings as another active 
ISISIave. When the ISIMaster is not sending long packets (sourced from either the CPU or USB in the 
case of a SoPEC ISIMaster) ISI ping packets will be transmitted according to the pattern given by the three 
PingScheduieN registers. The ISI will start with the lsb of PingScheduleO register and work its way from 
Isb through msb of each of the PingScheduieN registers. When the msb of PingSchedule2 is reached the 
ISI returns to the lsb of PingScheduleO and continues to cycle through each bit position of each Pins- 
ScheduleN register. 

With the addition of auto-ping operation we now have three potential sources of packets in an ISIMaster 
SoPEC: USB, CPU and auto-ping. Arbitration between the CPU and USB for access to the ISI is handled 
outside the ISI (see section 12.7.7) but arbitration between auto-ping packets and CPU/USB originating 
packets, which we will refer to as local packets, happens within the ISI. To ensure that local packets get 
priority whenever possible and that ping packets can have some guaranteed access to the ISI we use two 4- 
bit counters whose reload value is contained in the ISITotalPeriod and ISILocalPeriod registers. As we will 
see in 1 2.6.4. 1 every ISI transaction is initiated by the ISIMaster trar^mitting either a long packet or a ping 
packet. The ISITotalPeriod counter is decremented for every ISI transaction when contention occurs (i.e. 
both a ping and a local packet wish to transmit) while the ISILocalPeriod counter is decremented for every 
local packet that is transmitted. Neither counter is decremented by a retransmitted packet. 

The amount of guaranteed ISI bandwidth allocated to both local and ping packets is determined by the val- 
ues of the ISITotalPeriod and ISILocalPeriod registers. Local packets will always be given priority when 
the ISILocalPeriod counter is non-zero. Ping packets will be given priority when the ISILocalPeriod 
counter is zero and the ISITotalPeriod counter is still non-zero. Both the ISITotalPeriod and ISILocalPe- 
riod counters are reloaded by the next local packet transmit request after the ISITotalPeriod counter has 
reached zero. This reload policy rninimises the maximum latency for ping packets at the expense of maxi- 
mum latency for local packets. 

Note that ping packets are quite likely to get more than their guaranteed bandwidth as they will be trans- 
mitted whenever the ISI bus is idle (i.e. no pending local packets) and so do not decrement either counter. 
Local packets on the other hand will never get more than their guaranteed bandwidth because each local 
packet transmitted decrements both counters. The difference between the values of the ISITotalPeriod and 
^ILocalPeriod reg isters determines the number of automatically generated ping packets that are guaran- 
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teed to be transmitted every ISITotalPeriod number of ISI transactions. If the ISITotalPeriod and ISILo- 
calPeriod values are the same then the local packets will always get priority and could totally exclude ping 
packets if the CPU always has packets to send. ' 

For example if ISITotalPeriod - OxC; ISILocalPeriod = 0x8; PingScheduleO = 0x07; PingSchedulel = 
0x06 and PingSchedule2 = 0x04 then four ping messages are guaranteed to be sent in every 12 ISI transac- 
tions. Furthermore ISIId3 will receive 3 times the number of ping packets as ISIdl and ISIId2 will receive 
twice as many as ISIdl. Thus over a period of 36 contended ISI transactions (allowing for two full rota- 
tions through the three PingScheduleN registers) when local packets are always pending 24 local packets 
will be sent, ISIdl will receive 2 ping packets, ISId2 will receive 4 pings and ISId3 will receive 6 ping 
packets. If local traffic is less frequent then the ping frequency will automatically adjust upwards to con- 
sume all idle ISI bandwidth. 



12.6.4.11 HSf Registers 

Table 30 below details the ISI configuration registers. Note that some of these registers are also used 
I other blocks in the SCB. 



Table 30. ISI configuration registers 









0x00 


ISICntrl 


5 


0x2 


ISI Control register 


0x04 


(Slid 


4 


0x1 


ISIId for this SoPEC. A value of 0 Indicates the 
device is an ISIMaster. Note that the SoPEC resets 
to being an ISI Slave and that OxF (the broadcast 
ISIId) is an iiregal value and should not be written to 
this register. 


0x08 


NumRetries 


4 


0x02 


Number of retransmissions to attempt in response to 
a NAK before aborting a long packet transmission 


OxOC 


JSIPingScheduleO 


14 


0x0000 


Denotes which ISIlds will be receive ping packets. 
Note that bltO refers to ISHdl , bin to ISIId2...bit13 to 
ISIW14. 


0x10 


ISIPingSchedulel 


14 


0x0000 


As per PingScheduleO 


0x14 


ISIPingSchedule2 


14 


0x0000 


As per PingSchedufeO 


0x16 


ISITotalPeriod 


4 


OxF 


Reload value of the ISITotalPeriod counter 


0x1 C 


ISILocalPeriod 


4 


OxF 


Reload value of the ISILocalPeriod counter 


0x20 


ISIStatus 


6 


0x00 


ISI Status register. This register is Readonly. 


0x24 


ISlMask 


6 


0x00 


ISI Interrupt Mask register 


0x30 - 0x4C 


CPUlSITxBuff 


32 


n/a 


32-byte CPUISI transmit buffer 


0x50 


CPUISITxBuffCntrl 


13 


OxOOOO 


Control register for the CPUISI transmit buffer 


0x60 - 0x7C 


CPUISIRxBuff 


32 


n/a 


32-byte ISI receive buffer. This is the half of the dou- 
ble buffer that contains the oldest data. 


0x80 


ISiRxBuffOest 


1 


0x0 


Only one of the CPU and the DMA manager is 
allowed to empty the receive buffer at any time. 
1 = CPU will empty the receive buffer 
0 = DMA manager will empty the receive buffer 



12.6.4.11.1 ISI control register 

The ISICntrl register is described in Table 31 below. Note that the reset value of this register allows the 
SoPEC to automatically become an ISIMaster (AutoMasterEnable « 1) if any USB packets are received on 
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endpoints 2-4 On becoming an ISIMaster the ISIId register is set to 0, the TxEnable bit of the ISICntrl reg- 
ister is set and any USB or CPU packets destined for other ISI devices are transmitted. The CPU can over- 
ride this capability at any time by clearing the AutoMosterEnable bit. Automatic ping operation can only 
be enabled by the CPU as the reset values of the PingScheduleN registers are all 0 and neither DMA chan- 
nel is automatically configured v 



Table 31. ISICntrl register 









TxEnable 


0 


Enables ISJ transmission of long or ping packets. This is cleared by 
transmit errors and so needs to be restarted by the CPU. Note that 
ACKs may still be transmitted when this bit is 0. 
1 = Transmission enabled 
0 = Transmission disabled 


RxEnaWe 


1 


Enables ISI reception. This is cleared by receive errors and so 
needs to be restarted by the CPU. 
1 = Reception enabled 
0 = Reception disabled 


Auto Ping Enable 


2 


Enables auto-ping operation 
1 = auto-ping enabled 
0 = auto-ping disabled 


AutoMasterEnaWe 


3 


Enables the device to automatically become the ISIMaster if activ- 
ity is detected on USB endpoints2-4. 
1 = auto^naster operation enabled 
0 = auto-master operation disabled 



12.6.4.1 1 .2 ISI status register 



The ISIStatus register is read-only to the CPU. Status bits are set by the relevant condition occurring and 
BuJ 8 40 ^Enable or RxEnable bits of the ISICntrl register or the CPVISITx- 

Table 32. ISIStatus register 





WSM 




FrameError 


0 


Framing error detected in the received packet. This can be caused 
by an incorrect Starr or Stop field or by bit stuffing errors 


RxError 


1 


A CRC error or flow control condition was detected in NumRe- 
fr*as+1 successive packets (excluding ping packets) 


RxBuffFuii 


2 


There is no space remaining in the receive double buffer 


RxBuffOverflow 


3 


An overflow has occurred in the ISI receive buffer and a packet had 
to be dropped. 


CPUISlTxBuffEmpty 


4 


The CPUlSlTxBuff is empty 


TxError 
— - 


5 


Transmission error. Receiving ISI device would not accept the 
transmitted packet. Only set after NumRetries unsuccessful 
retransmissions (excluding ping packets) f 
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12.6.4.11*3 ISI mask register 

An interrupt will be generated in an edge sensitive manner i.e the ISI will generate an isijcu irq pulse 
each time a status bit goes high and the corresponding bit of the ISIMask register is enabled. 

Table 33. ISIMask register 



FrameErrorlntEn 




interrupt enable mask bit for the FrameError status bit 


RxErroHntEn 


i 


Interrupt enable mask bit for the RxError status bit 


RxBuffFutllntEn 


2 


Interrupt enable mask bit for the RxBuffFul! status bit 


RxBuffOverflowtntEn 


3 


Interrupt enable mask bH for the RxBuffOverflow status bit 


CPUlSITxBuffEmpty- 
IntEn 


4 


Interrupt enable mask bit for the CPU ISITxBuff Empty status bit j 


TxErrorlntEn 


5 


Interrupt enable mask bit for the TxError status bit 



12.6.4.11.4 CPUISITxBuffCntrl register 

The CPUISITxBuffCntrl register contains the header field for the packet in the CPUISI transmit buffer. 
Writing to this buffer validates the contents of the CPUISI transmit buffer i.e. each time the CPU places a 
packet in the CPUISI transmit buffer it must write the packet header to this register to initiate its transfer in 
to the SCB transmit buffer (see section 12.7). Note that the CPU is responsible for toggling the sequence 
bit of any long packets it wishes to transmit. The CPUISfTxBuffEmpty status bit will be set when CPUTx- 
PktSize bytes have been transferred to the SCB transmit buffer. 

Table 34. CPUISITxBuffCntrl register 



PktDesc 


2:0 


PktDesc field (as per Table 29) for the packet currently in the CPU- 
ISI transmit buffer. 


DestlSISobld 


3 


Indicates which DMAChannel of the target SoPEC the data in the 
CPUISI transmit buffer is destined for: 

0 * DMAChannetO 

1 = DMAChannel! 


DestlSlld 


7:4 


Denotes the IS I Id of the target SoPEC as per Table 35 



12.7 SCB Mapping 



In order to support maximum flexibility when moving data through a multi-SoPEC system it is possible to 
map any USB endpoint onto either DMAChannel within any SoPEC in the system. A logical view of the 
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SCB is shown in Figure 37. This view differs from the likely implementation but it allows for a clearer 
depiction of data movement within the SCB. 



SCB 



CPUISl 
TxBuffer 



USB 
Host 



USB 

Controller 



SCB 

Control 

Block 



CPU Subsystem Bus 



SCB 
TxBuffer 



SCB 
Map 



DMA 
Manager 



CPU 



innelQ 



Choanal! 





Rx 


ISI 





DtU 



— isLdin 
isLdout 



Figure 37. SCB logical view 

The SCB map, and indeed the SCB itself is based around the concept of an ISIId and an ISISubld. Each 
SoPEC in the system has a unique ISIId and two ISISublds, namely ISISubldO and ISISubld I. We use the 
convention that ISISubldO corresponds to DMAChannelO in each SoPEC and ISISubldl corresponds to 
DMAChannell. The naming convention for the ISIId is shown in Table 35 below and this would corre- 
spond to a multi-SoPEC system such as that shown in Figure 27. We use the term ISIId instead of SoPE- 
Cld to avoid confusion with the unique ChipID used to create the SoPECJd and SoPEC_id__key (see 
chapter 17 and [9] for more details). 

Table 35. ISIId naming convention 



0 


ISIMaster (typically a SoPEC connected to the host via US81.1) 


1 -14 


!SJSIave1-14 


15 


Broadcast ISIId 



nc comomea iMia ana iMbubid thererore allow us to address any DMAChannel in the system. The ISI, 
DMA manager and SCB map hardware use the ISIId and ISISubld to handle the different data streams that 
are active in a multi-SoPEC system as does the software running on the CPU of each SoPEC. In this docu- 
ment we will identify DMAChannels as ISlx.y where x is the ISIId and v is the ISISubld- Thus ISI2.1 
refers to DMAChannell of ISISlaveZ Any data sent to a broadcast channel, i.e. IS115.0 or ISI15.1, are 
received by every ISI device in the system including the ISIMaster (which may be an ISI-Bridge). 

The USB controller and software stacks however have no understanding of the ISIId and ISISubld but the 
Silverbrook printer driver software running on the host PC does make use of the ISIId and ISISubld. USB 
is simply used as a data transport - the mapping of USB endpoints onto ISIId and Subld is communicated 
from the host PC Silverbrook code to the SoPEC Silverbrook code through USB control (or possibly bulk 
data) messages i.e. the mapping information is simply data payload as far as USB is concerned. The code 
running on SoPEC is responsible for parsing these messages and configuring the SCB accordingly. 
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The use of just two DMAChannels places some limitations on what can be achieved without software 
intervention. For every SoPEC in the system there are more potential sources of data than there are sinks. 
For example an ISISlave could receive both control and data messages from the ISIMaster SoPEC in addi- 
tion to control and data from the host, either specifically addressed to that particular ISISlave or over the 
broadcast ISI channel. However all ISISlaves only have two possible data sinks, i.e. the two DMAChan- 
nels. Another example is the ISIMaster in a multi-SoPEC system which may receive control messages 
from each SoPEC in addition to control and data information from the host (e.g. over USB). In this case all 
of the control messages are in contention for access to DMAChannelO. We resolve these potential conflicts 
by adopting the following conventions: 

1) Control messages may be interleaved in a memory buffer: The memory buffer that the 
DMAChannelO points to should be regarded as a central pool of control messages. Every control 
message must contain fields that identify the size of the message, the source and the destination of 
the control message. Control messages may therefore be multiplexed over a DMAChannel which 
allows several control message sources to address the same DMAChannel. Furthermore, if SoPEC- 
type control messages contain source and destination fields it is possible for the host to send control 
messages to individual SoPECs over the ISI 1 5.0 broadcast channel. 

2 ) Data messages should not be interleaved in a memory buffer: As data messages are typically 

part of a much larger block of data that is being transferred it is not possible to control their contents 
in the same manner as is possible with the control messages. Furthermore we do not want the CPU 
to have to perform reassembly of data blocks. Data messages from different sources cannot be inter- 
leaved over the same DMAChannel - the SCB map must be reconfigured each time a different data 
source is given access to the DMAChannel. 

3 ) Every reconfiguration of the SCB map requires the exchange of control messages: The only 

active SCB map in a multi-SoPEC system is the SCB map in the ISIMaster as all ISISlaves auto- 
matically send data addressed to themselves to either DMAChannelO or 1 i.e. the ISI is the only 
source of incoming data in an ISISlave. The ISIMaster's SCB map reset state is shown in Figure 39 
and any subsequent modifications require the exchange of control messages between the ISIMaster 
and the host As the host is expected to control the movement of data in any SoPEC system it is 
anticipated that all changes to the SCB map will be performed in response to a request from the 
host. While the ISIMaster could autonomously reconfigure the SCB map (this is entirely up to the 
software running on the ISIMaster) it should not do so without informing the host in order to avoid 
data being misrouted. 

An example of the above conventions in operation is worked through in section 12.7.2. 

12.7.1 Host PC to ISIMaster SoPEC communication 

When considering SCB map configurations we always assume that the ISIMaster is a SoPEC device, in 
particular the SoPEC connected to the USB bus (and receiving data on USB endpoint 2, 3 or 4), rather than 
an ISI-Bndge chip. ISI-Bridge chips are likely to have something similar to an SCB map and the following 
information should broadly apply to an ISI-Bridge but we focus here on an ISIMaster SoPEC for clarity. 
As the ISIMaster SoPEC represents the printer on the USB bus it is required by the USB specification to 
have a dedicated control endpoint, EPO. At boot time the ISIMaster SoPEC will also require a bulk data 
endpoint to facilitate the transfer of program code from the host PC. The simplest SCB map configuration 
i.e. for a single stand-alone SoPEC, is sufficient for host to ISIMaster SoPEC communication and is shown' 
in Figure 38. In this configuration all USB control information exchanged between the host and SoPEC 
over EPO (which is the only bidirectional USB endpoint). SoPEC specific control information (printer sta- 
tus, DNC info etc.) is also exchanged over EPO. 

All packets sent to the host from SoPEC over EPO must be written into the EPO FIFO by the CPU All 
packets sent from the host to SoPEC can be placed in DRAM by the DMA Manager (as is usually the 
case) or read directly by the CPU. This asymmetry is because in a multi-SoPEC environment the CPU will 
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need to examine all incoming control messages (i.e. messages that have arrived over DMAChannelO) to 
ascertain their source and destination (i.e. they could be from an ISISIave and destined for the host) and so 
the additional overhead in having the CPU move the short control messages to the EPO FIFO is relatively 
small. Furthermore we wish to avoid making the SCB more complicated than necessary, particularly when 
there is no significant performance gain to be had as the control traffic will be relatively low bandwidth. 

The above mechanisms are appropriate for the types of communication outlined in sections 124 1 1 
through 12.4.1.4 
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Figure 38. Single SoPEC SCB map configuration and dataflow 
12.7.2 Broadcast communication 

An SCB configuration for broadcast communication is shown in Figure 39. This particular configuration is 
also the default, post power-on reset, configuration for the ISIMaster SoPEC. USB endpoints EP2 and EP3 
are mapped onto ISISublDO and ISISubldl of ISIW15 (the broadcast ISIId channel). EPO is used for con- 
trol messages as before and EP1 is a bulk data endpoint for the ISIMaster SoPEC. Depending on what is 
convenient for the boot loader software, EP1 may or may not be used during the initial program download, 
but EP1 is highly likely to be used for compressed page or other program downloads later. For this reason 
it is part of the default corifiguration. In this setup the USB device configuration will take place as it 
always must, by exchanging messages over the control channel (EPO). 

One possible boot mechanism is where the host PC sends the bootloaderl program code to all SoPECs by 
broadcasting it over EP3. Each SoPEC in the system then authenticates and executes the bootloaderl pro- 
gram. The ISIMaster SoPEC then polls each ISISIave (over the ISIx.O channel). Each ISISIave ascertains 
its ISIId by sampling the particular GPIO pins required by the bootloaderl and reporting its presence and 
status back to the ISIMaster. The ISIMaster then passes this information back to the host over EPO Thus 
both the host and the ISIMaster have knowledge of the number of SoPECs, and their ISIIds, in the system 
The host may then reconfigure the SCB map to better optimise the SCB resources for the particular multi- 
SoPEC system. This could involve simplifying the default configuration to a single SoPEC system (Figure 
38) or remapping the broadcast channels onto DMAChannels in individual ISISlaves. 
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Figure 39. Default SoPEC SCB map configuration and dataflow 



The following steps are required to reconfigure the SCB map from the system depicted in Figure 39 to one 
where EP3 is mapped onto ISI1 .0: 

1) The host PC sends a control message(s) to the ISIMaster SoPEC requesting that USB EP3 be 
remapped to ISI 1.0 

2 ) The ISIMaster SoPEC sends a control message to the host PC informing it that EP3 has now been 
mapped to ISI1.0 (and therefore the host knows that the previous mapping of ISI15.1 is no longer 
available through EP3). 

3 ) The host may now send control messages directly to ISISlavel without requiring any CPU interven- 
tion on the ISIMaster SoPEC 

12.7.3 Host PC - ISISIave SoPEC communication 

The default post-boot (as opposed to post-reset) SCB map configuration for an ISISIave SoPEC is to have 
all USB endpoints unconnected. The ISI automatically forwards any data addressed to it (including broad- 
cast data) to the DMA with the appropriate ISISubld. If the ISIMaster is configured correctly (e.g. when 
the ISIMaster is a SoPEC, and that SoPEC's SCB map is configured correctly) then data sent from the host 
destined for an ISISIave will be transmitted on the ISI with the correct address. If the ISISIave has data to 
send to the host it must do so by sending a control message to the ISIMaster identifying the host as the 
intended recipient. It is then the ISIMaster's responsibility to forward this message to the host. 

With this configuration the host can communicate with the ISIsiave via broadcast messages only and this 
is the mechanism by which the bootloaderl program is downloaded. The ISISIave is unable to communi- 
cate with the host (or the ISIMaster) until the bootlloaderl program has successfully executed and the 
ISISIave has determined what its ISIId is. After the bootloaderl program (and possibly other programs) 
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has executed the SCB map of the ISIMaster may be reconfigured to reflect the most appropriate topolocy 
for the particular multi-SoPEC system it is part of. 

AU communication from an ISISlave to host is achieved by sending messages via the ISIMaster The 
ISISIave can never inmate communication to the host. If an ISISlave wishes to send a message to the host 
it may do one of two things: (a) wait until it is polled by the ISIMaster or (b) indicate in its ISI acknowl- 
edgement packet (sent in response to the reception of an ISI packet specifically addressed to that ISISIave) 
that it has a message to send. When the ISIMaster receives the message from the ISISIave it first examines 
it to determine the intended destination and will then copy it into the EPO FIFO for transmission to the 
host. The software running on the ISIMaster is responsible for any arbitration between messages from dif- 
ferent sources (including itself) that are all destined for the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12 4 1 5 and 
12.4.1.6. ' 

12.7.4 ISIMaster- ISISIave communication 

All ISIMaster - ISISIave communication takes place over the ISI. Immediately after reset this can only be 
by means of broadcast messages. Once the bootloaderl program has successfully executed on all SoPECs 
in a multi-SoPEC system the ISIMaster can communicate with each SoPEC on an individual basis. 

is™^ 1 ™^ 5 «ST d 3 mCSSage t0 ISIMaster h mav d0 » in response to a ping packet from the 
ISIMaster. When the ISIMaster receives the message from the ISISlave it must interpret the message to 
determine if the message contains information required to be sent to the host. In the case of the ISIMaster 
tfwtost software ™& transfer the appropriate information into the EPO FIFO for transmission to 

The above mechanisms are appropriate for the types of communication outlined in sections 12 4 2 3 and 
12.4.2.4. 



12.7.5 ISISIave - ISISIave communication 

ISISIave to ISISIave communication is expected to be limited to two special cases: (a) when the PrintMas- 
er is not the ISIMaster and (b) when a storage SoPEC is used. When the PrintMaster is not the ISIMaster 
toen it will need to send control messages (and receive responses to these messages) to other ISISlaves 
When a storage SoPEC is present it may need to send data to each SoPEC in the system. All ISISIave to 
ISISlave communication will take place in response to ping messages from the ISIMaster. 

12.7.6 SCB Map configuration registers 

The SCB map is configured by mapping a USB endpoint on to a data sink This is performed on a endpoint 
basis i.e. each endpoint has a configuration register to allow its data sink be selected. Mapping an endpoint 
on to a data sink does not initiate any data flow - each endpoint/data sink needs to be enabled by writing to 
the appropriate configuration registers in the USB controller/ ISI / DMA manager 



Table 36. SCB Map configuration registers 




0x100 



0x104 



0x108 



USBEPIDest 



USBEP2Dest 



0x20 



0x21 



0x3E 



This register determines which of the data sinks the 
data arriving in EPO should be routed to. 



Data sink for USB EP1 



Data sink for USB EP2 
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Table 36. SCB Map configuration registers 











0x1 OC 


USBEP3Dest 


7 




0x110 


USBEP4Dest 


7 


0x23 1 Data sink tor USB EP4 



The same encoding is used for each of the USBEPnDest configuration registers and is described in 
Table 37. The /Slid register (see Table 30) allows the SCB map to identify data that should be routed to the 
DMA Manager as well as, or instead of, to the ISL The SCB map therefore does not need special fields to 
identify the DMAChannels on the ISIMaster SoPEC as this is taken care of by the SCB hardware. Thus the 
USBEPODest and USBEPJDest registers should be programmed with 0x20 and 0x21 (for ISIO.O and 
ISI0. 1) respectively to ensure data arriving on these endpoints is moved directly to DRAM. 

Table 37. USBEPnDest register 



mmmm 








DestlSISubld 


° 


Indicates which DMAChannel of the target SoPEC the endpoint is 
mapped onto: 

0 = DMAChannefO 

1 = OMAChannell 


DestJSIfd 


4:1 


Denotes the ISIId of the target SoPEC as per Table 35 


ChannelEn 


5 


Enable bit for the DMAChannel: 

0 = Channel disabled 

1 = Channel enabled 


SequenceBit 


6 


Sequence bit for packets going from USBEPn to Destl Slid. Destl- 
SISubld. Every CPU write to this register initialises the value of the 
sequence bit and this is subsequently updated by the ISI after 
every successful long packet transmission. 



A SoPEC ISIMaster should map as many USB endpoints, under the control of the host, as are required for 
Aemulti-SoPEC system it is part of. As already mentioned this mapping may be dynamically reconfig- 



12.7.7 SCB transmit buffer arbitration 



When the SCB transmit buffer has been emptied the SCB control logic will immediately seek to refill it 
As there may be data waiting in a USB endpoint FIFOs and in the CPUISI transmit buffer it may be neces- 
sary to arbitrate between these data sources. This arbitration is controlled by the SCBTxBuffArb register 
which contains a high priority bit for both the CPU and the USB. If only one of these bits is set then the 
corresponding source always has priority. Note that if the CPU is given absolute priority over the USB the 
software filling the CPUISI transmit buffer needs to ensure that sufficient USB traffic is allowed through 
If both bits of the SCBTxBuffArb have the same value then arbitration will take place on a round robin 
basis. 

As the speed at which the SCB transmit buffer can be emptied is at least 5 times greater than it can be filled 
by USB traffic the double buffers used for each USB endpoint will not overflow using the above scheme in 
normal operation. There are a number of scenarios which could lead to the USB endpoints being tempo- 
rarily blocked such as the CPU having priority, retransmissions on the ISI bus, channels being enabled (cf 
the ChannelEn bit of the USBEPnDest register) with data already in their associated endpoint FIFOs or 
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short packets being sent on the USB. Care should be taken to ensure that the USB bandwidth is efficiently 
utilised at all times. 

12.7.8 SCB Control Block 

The SCB control block is responsible for coordinating access to and between the various sub-blocks in the 
SCB. This includes translating between the CPU subsystem bus and the USB native bus protocol, moving 
data from the USB endpoint FIFOs into the SCB transmit buffer, moving data from the CPUISl'transmit 
buffer into the SCB transmit buffer and arbitrating between the CPU and itself for access to the SCB sub- 
blocks. 



Table 38. SCB control block configuration registers 







yap .; 


mf 




0x120 


WakeupEnabie 


2 


0x0 


This register is used to gate the propagation of the 
USB and ISI reset signals to the CPR block. Active 
high. 

WakeUpEnable(0]: usb_cpr_resat_n control 
WakeUpEnableflj: fsi_cpr_reset_n control 


0x124 


SCBTxBuffArb 


2 


0x0 


Determines which source has priority when conten- 
tion arises in filling the SCBTxBuffer. When a bit is 
set priority is given to the relevant source. 
SCBTxBuffArbfO]: CPU priority 
SCBTxBuffArb[1]: USB priority 


0x128 


SCBDebugSel 


10 


0x000 


Contains address of the register selected for debug 
observation as it would appear on cpu_adr[1 1 :2] 
The contents of the selected register are output in 
the scb_cpu_data bus while cpu_scb_sef Is low and 
scb_cpu_debug_vaiid is asserted to indicate the 
debug data is valid. 

It is expected that a number of pseudo-registers will 
be made available for debug observation and these 
wifl be outlined with the Implementation details. 



12.8 DMA Manager 



The DMA manager manages the flow of data between the SCB and the embedded DRAM. Whilst the 
CPU could be used for the movement of data in a USB I . i enabled SoPEC a DMA manager is a more effi- 
cient solution as it will handle data in a more predictable fashion with less latency and requiring less buff- 
ering. Furthermore a DMA manager is required to support the ISI transfer speed and to ensure that the 
SoPEC could be used with a high speed ISI-Bridge chip in the future. 

The DMA manager uses two independent channels, one for each ISISubld, to control the movement of 
data. Both DMAChannels only support write operation and can transfer data from any USB endpoint and 
from the ISI receive buffer. Data is moved at the soonest opportunity to do so and is always moved in 256- 
bit slices as required by the DIU. When it is not possible to use a 256-bit slice of data (e.g. at the end of a 
packet or for a short packet) the DMA manager will still use 256-bit access to the DIU. This means that for 
a DIU write (data incoming to the SoPEC) the DMA manager will pad the valid data with zeroes until a 
256-bit slice has been filled. 

The DMA manager handles all issues relating to byte/word/longword address alignment, data endianness 
and transaction scheduling. It arbitrates between data arriving from. the ISI and data arriving from a USB 
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endpoint on a round robin basis. The greater guaranteed bandwidth available to the DMA manager (50 
| Mbit/s at the time of writing but this may need to be increased especially if a 4- wire ISI bus is used. See 

section 20,6 for more details) ensures that the DMA manager is non-blocking. 

While the DMA manager performs the work of moving data the CPU controls the destination and relative 
timing of dataflows to and from the DRAM. The management of the DRAM data buffers requires the CPU 
to have accurate and timely visibility of both the DMA and PEP memory usage. In other words when the 
PEP has completed processing of a page band the CPU needs to be aware of the fact that an area of mem- 
ory has been freed up to receive incoming data. The management of these buffers may also be performed 
by the host. 

12.8.1 Circular buffer operation 

The DMA manager supports the use of circular buffers for both DMAChannels. Each circular buffer is 
controlled by 5 registers: DMAnBottomAdr, DMAnTopAdr, DMAnMaxAdr, DMAnCurrWPtr and DMAnln- 
tAdr, The operation of the circular buffers is shown in Figure 40 below. 




<— DMAnTopAdr 
<— DMAnlntAdr 



4— DMAnCurrWPtr 



DMAnTopAdr 



(a) 

* e y : ! " I Free buffer space 



<«— DMAnMaxAdr 
DMAnBottomAdr 




DMAnMaxAdr 
<— DMAnlntAdr 



«— DMAnCurrWPtr 
DMAnBottomAdr 



(b) 



LfftfSl Filled buffer space (unprocessed data) 

N>CH Buffer space filled since last write to the DMAnlntAdr/DMAnMaxAdr registers 

Figure 40. Circular buffer operation 

Here we see two snapshots of the status of a circular buffer with (b) occurring sometime after (a) and some 
CPU writes occurring in between (a) and (b). These CPU writes are most likely to be as a result of a fin- 
ished band interrupt (which frees up buffer space) but could also have occurred in a DMA interrupt service 
routine resulting from DMAnlntAdr being hit. The DMA manager will continue filling the free buffer 
space depicted in (a), advancing the DMAnCurrWPtr after each write to the DIU. Note that the DMACur- 
rWPtr register always points to the next address the DMA manager will write to. When the DMA manager 
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reaches the address in DMAnlntAdr (i.e. DMACurrWPtr = DMAnlntAdr) it will generate an interrupt if the 
DMAnlntAdrMask bit in the DMAMask register is set. The purpose of the DMAnlntAdr register is to alert 
the CPU that data (such as a control message or a page or band header) has arrived that it needs to process. 
The interrupt routine servicing the DMA interrupt will change the DMAnlntAdr value to the next location 
that data of interest to the CPU will have arrived by. 

In the scenario shown in Figure 40 the CPU has determined (most likely as a result of a finished band 
interrupt) that the filled buffer space in (a) has been freed up and is therefore available to receive more 
data. The CPU therefore moves the DMAnMaxAdr to the end of the section that has been freed up and 
moves the DMAnlntAdr address to an appropriate offset from the DMAnMaxAdr address. The DMA man- 
ager continues to fill the free buffer space and when it reaches the address in DMAnTopAdr it wraps around 
to the address in DMAnBottomAdr and continues from there. DMA transfers will continue indefinitely in 
this fashion until the DMA manager reaches the address in the DMAnMaxAdr register. 

The circular buffer is initialised by writing the top and bottom addresses to the DMAnTopAdr and DMAn- 
BottomAdr registers, writing the start address (which does not have to be the same as the DMAnBottomAdr 
even though it usually will be) to the DMAnCurrWPtr register and appropriate addresses to the DMAnln- 
tAdr and DMAnMaxAdr registers. The DMA operation will not commence until a 1 has been written to the 
relevant bit of the DMAChanEn register. 

While it is possible to modify the DMAnTopAdr and DMAnBottomAdr registers after the DMA has started 
it should be done with caution. The DMAnCurrWPtr register should not be written to while the 
DMAChannel is in operation. DMA operation may be stalled at any time by clearing the appropriate bit of 
the DMAChanEn register or by disabling an SCB mapping or ISI receive operation. 

12.8.2 DMA manager DRAM bandwidth requirements 

The DIU must guarantee the SCB enough bandwidth to ensure that neither a USB endpoint FIFO nor the 
ISI receive buffer can overrun. For example, to facilitate bursty 32 Mbit/s transfers a SoPEC with a 64- 
byte ISI receive buffer would need to be able to transfer 256 bits every 1280 cycles (@160 MHz). This is 
in addition to the USB transactions targeted at the ISIMaster SoPEC which may be in the region of 8-9 
Mbit/s. While USB has a backpressure mechanism SoPEC should strive to obtain optimum USB band- 
width utilization and so USB backpressuring should only be used as a last resort. The DIU currently guar- 
antees 50 Mbit/s to the SCB and more bandwidth will be available when other DIU requestors do not take 
their slots. This is sufficient for the SCB 's requirements. 

12.8.3 DMA manager configuration registers 

All of the circular buffer registers are 256-bit word aligned as required by the DIU. The DMAnBottomAdr 
and DMAnTopAdr registers are inclusive i.e. the addresses contained in those registers form part of the cir- 
cular buffer.The DMAnCurrWPtr always points to the next location the DMA manager will write to so 
interrupts are generated whenever the DMA manager reaches the address in either the DMAnlntAdr or 
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DMAnMaxAdr registers rather than when it actually writes to these locations. It therefore cannot write to 
the location in the DMAnMaxAdr register. 



Table 39. DMA Manager Configuration Registers 







m 






0x200 


DMAOBottomAdr 


17 


0x0_0000 


The 256-bit aligned DRAM address of the 
bottom of trie circular burrer serviced oy 
OMAChannelO 


0x204 


OMAOTopAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
DMAChanneHD 


0x206 


DMAOCurrWPtr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
next location OMAChannelO will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0X20C 


OMAOfntAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
location that will trigger an Interrupt when 
reached by DMAChannetO buffer. 


0x210 


DMAOMaxAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
last free location in the OMAChannelO circu- 
lar buffer. The OMAChannelO transfers will 
stop when it reaches this address. 


0x214 


OMAOSeqBit 


1 


0x0 


Sequence bit for OMAChannelO. This bit may 
be Initialised by the CPU but is updated by 
the ISI each time an error- free long packet Is 
received. 


0x218 


DMAlBottomAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChanneM 


0x21 C 


DMAlTopAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by I 
DM AChannel 1 


0x220 


DMAICurrWPtr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
next location DM AChannel 1 will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0x224 


DMAIIntAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
location that will trigger an interrupt when 
reached by DMAChanneM buffer. : 


0x228 


DMA1 MaxAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
last free location In the DMAChanneM circu- 
lar buffer. The DMAChanneM transfers win 
stop when H reaches this address. 


0x22C 


OMAISeqBit 


1 


0x0 


Sequence bit for DMAChanneM . This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 


0x230 


DMAChanEn 


2 


0x0 


Enable DMA operation on a per channel 
basis. Active high. 

DMAChanEnfOj: Enable OMAChannelO 
DMAChanEn[1J: Enable DMAChanneM 
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Table 39. DMA Manager Configuration Registers 




DMA status register. See section 12.8.3.1. 
This register is Readonly. 



DMA mask register. See section 12.8.3.2 



f 2.8.3. t DMAStatus register 

The contents of the DMAStatus register are read-only to the CPU. The status bits are not sticky bits i.e. 
they reflect the 'live' status of the channel. Status bits may only be cleared by writing to the relevant 
DMAnlntAdr or DMAnMaxAdr register. 



Table 40. DMA Status Register 







m 




DMAChannetOtntAdrHit 


0 


DMAChannefO has reached the address contained in the 
DMAOIntAdr register 


DMAChannelOMaxAdrHit 


1 


DMAChanneK) has reached the address contained in the 
DMAOMaxAdr register 


DMAChannell IntAdrHK 


2 


DMAChannell has reached the address contained in the 
DMA llntAdr register 


DMAChannell MaxAdrHit 


3 


DMAChannell has reached the address contained in the I 
DMA IMaxAdr register 



1ZB.3.2 DM AM ask register 

Ail bits of the DMAMask are both readable and writable by the CPU. The DMA manager cannot alter the 
value of this register. All interrupts are edge sensitive i.e the DMA manager will generate a dmajcujrq 
pulse each time a status bit goes high and the corresponding mask bit is enabled. 



Table 41. DMA Manager Mask Register 









DMAChanneiOintAdrHitMask 


0 


1 = Generate an interrupt when the DMAChanneiOlntAdrHit status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOlntAdrHit 
status bit goes high 


DMAChannelOMaxAdrHitMask 


1 


1 = Generate an interrupt when the DMAChannelOMaxAdrHit status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOMaxAdrHit 
status bit goes high 


DMAChannell IntAdrHrtMask 


2 


As per DMAChanneiOlntAdrHitMask 


DMAChannel 1 MaxAdrHitMask 


3 


As per DMAChannelOMaxAdrHitMask ! 



12.9 SCB Implementation 



This section is still a work in progress - the information here should be ignored as it refers to an earlier ver- 
sion of the SCB 
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usb 



dma^jcujrq 



tx_en 



usb_tx_dp 



usfl_tx_dm 



usb_rx. 



usb rx di 



usfr_rx_di 



^ usfijsujrq 



us b^cprlreset.n 



isLflp)o_dout 



"4 — i 



^ 

^ <si_icu_irq 

i s^_,cprLreset_n 





scb_diu_wreq 


4 
< 
« 




« 


diu_scb_wack 


1 
1 


► 




scb_diu_wvalid 


1 
« 






scb diu rreq 


4 
4 


► 


« 


dfii_scb_rack 


1 


1 




<Su_scb_rvaJid 


« 




scb_diu_wadr « ^ 




scb_diu_radr 


4 






scb_diu_data 


4 






T?u_data 


4 





DMA 
Manager 



dma_cpu_data 



dma_cpu_cntr1 



dma_8Cbs_data 



scbs__dma_data 



CPU 

Subsystem 
Interface 



U 



DRAM 



4- 


cpu_scb_£el 




cou_rwn • 


«- 
4- 


"cpi£Te * 




scb_epu_.'Wy 


scb_cpu_iDerr Z 




cpu_adr , 




cpu_dataout 



CPU 
Block 



Oma_scbs_cntrl 



7^- 



USB 



usb_scbs^data 
usb .cnirt 



y- 



ISI 



isi_scbs_data 



scbs_isl_data 



isJ_scbs_cntr, 



SCB 
Switch 
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Characteristics of the data channels: 

USB: Packets should be moved sequentially out of the endpoint FIFOs. The USB is the slowest compo- 
nent in the SCB but its bandwidth is most precious. However both the DMA and IS I can transfer data (50 
and 40 Mbps respectively) much faster than the USB can receive data (12 Mbps peak rate) so no flow con- 
trol problems will occur due to a speed mismatch. If one of the DMA or ISI data sinks becomes blocked or 
inactive then the USB controller will assert backpressure (by NAKing packets) when the double buffer for 
the associated endpoint is filled. Other endpoints will remain active in this scenario and the DMA and ISI 
will still be able to transfer data at their peak rates. The worst case scenario is when all endpoints have 
their double buffers filled (because all the data sinks had been blocked/disabled) and then all data sinks 
become available again. In this case the backlog will be fully cleared in 3 USB 64-byte packet times. 

ISI: The ISI can support simultaneous reception and transmission of packets. ISI packets should be trans- 
ferred sequentially in either direction. The ISI is expected to handle the packet header and trailer, if any is 
used for error detection, in both directions i.e. only raw payload data is routed through the SCB map. 

DMA: The DMA channels are unidirectional but their direction, namely whether they are transferring 
data to or from DRAM, is programmable. Each DMA transaction to DRAM will be 256 bits wide but all 
256 bits are not always valid. When a transfer of less than 256 bits is required the DMA manager pads the 
remaining bits in the 256-bit word with zeroes, in the case of a write to DRAM, or discards the unnecces- 
sary bits in the case of a DRAM read Can we get by with single (256 bits each way or maybe even 256 
bits in all ?) tojJFering for the DRAM manager ? 
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dma_scbs_data 





scbs_dma_data 






dma_scbs_cnlrl y 



— ► 



usb_scbs_data 



usb__scbs_cntri 



Is3_scbs_daia 



scbs_isi_data 



fsf_scbs__cntfl 



DMA 

i/f 



USB 

i/f 



ISI 

i/f 



dma_dout_rdy_idl1 :0] 





dma_dout 






dma_doLrt_valid 




dma_d1n_rdy 


<- 


dma_dinjd[1 :0] 






dma_din 






dma_din_valid 





usb_ep_rdy(2:0] 



usb_nc_data 



usb_data_valid 



isLdata_rdyJd{5:0J 





r~ 

tsi_rx_data 






teLrx_data_varid 






isLtx_rdy 


— » 




isi_tx_datajd[4:01 




<# 


isUx_data 7 




4- 


fsLtx_data_valid 





CPU 
Subsystem 
Interface 



Switch 
Logic 



Figure 41. SCB Switch block diagram 



SCB Switch pseudocode: 

const no_data_sinks =12 

for i = 1 to no_data_sinks 
if (i <= 2) then 

sink_data is dma_din 
sink^rdy is dma_din_rdy 
sink_data__valid is dma_din__valid 
sink_id is dma_din__id 
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else 

sink_data is isi_tx_data 
sink_rdy is isi_tx_rdy 
sink_data_valid is isi_tx_data_valid 
sink_id is isi_tx_data_id 

if (data_src_reg(i} != 0) then // Each data sink has an associated data source 

// register. A non-zero value means the sink is enabled 
if { <data_src_reg[i) & OxFO) == 0x10) then // A USB endpoint is the data source 
if ((usb_ep_rdy[4] == 1) AND <usb_ep_rdy [3 :0} == data_src_reg( i] (3 : 0] ) ) then 

// there is data waiting in the EP FIFO 
while ( <usb_data_valid *== 1) AND (sink_rdy == 1) AND clocktick) 
sink_data = usb_rx_data 
sink_data_valid = 1 

if <i <e 2) then // The sink is a DMAChannel 
sink_id[l] = 1 
sinx_id(0J « i -1 
else // The sink is an ISI channel 
sink_id(5J = 1 
sink_id[4:0] = i -1 
else // There is no data ready to go 
sink_data_valid = 0 

elsif (data_src_reg & OxFO) == 0x20) then // The ISI is the data source 

if <isi_data_rdy_id[3:0] da ta_src_reg I i ) (3 :0] ) then // there is data waiting 

// in the ISI receive FIFO for this ISISubld 
while ( (isi_rx_data_valid == 1) AND (sink_rdy == 1) AND clocktick) 
sink_data - isi_rx_data 
sink_data_ valid = 1 

if (i <= 2) then // The sink is a DMAChannel 
sink_id(lj =1 
eink__id(0] * i -1 
else // The sink is an ISI channel 
sink_id[5] = 1 
sink_id[4:0] = i -3 
else // There is no data ready to go 
sink_data_valid = 0 

elsif (data_src_reg 6 OxFO) « 0x30) then // The DMA is the data source 

if (dma_dout_rdy_id[0) « data_src_regti 1(0J ) then // there is data waiting 

// in the relevant DMA buffer for this sink 
while ( <dma_dout_valid « 1) AND (aink_rdy 1) AND clocktick) 
sink_data = dma_dout 
sink_data_valid - 1 

if <i <= 2) then. // The sink is a DMA channel 
sink_idll) « 1 
sink_idlO) ~ i -1 
else // The sink is an ISI channel 
sinx_id[5] = 1 
sink_id[4:0] = i -3 
else // There is no data ready to go 
sink_data_valid = 0 

The above pseudocode has a few shortcomings, particularly if all our data buses are not the same size, but 
it shows the basic ftinctionality the switch is supposed to offer The main loop of the pseudocode (for i = 1 
to no_data_sinks) dictates what happens within one timesloL The timeslots take as long as required to 
complete and loop around endlessly. The msb of the usb_ep_rdy[4:0], isi_data_rdyjd[5:0] and 
dma_dout_rdy_id[! :0] signals is used to indicate that data is available in the relevant block. 
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13 General Purpose IO (GPIO) 

13.1 Overview 

The General Purpose IO block (GPIO) is responsible for control and interfacing of GPIO pins to the rest of 
the SoPEC system. It provides easily programmable control logic to simplify control of GPIO functions. 
In all there are 14 GPIO pins of which certain pins have special functions, their functions are detailed as: 

• 4 Motor control lOs internally pulled down 

• 4 General purpose high drive pulsed IOs capable of driving LEDs. 

• 4 Open drain IOs used for LSS interfaces 

• 2 Normal drive IOs used for the ISI interface in Multi-SoPEC mode 

Each of the pins can be configured in either input or output mode, each pin is independently controlled. A 
programmable de-glitcbing circuit exists for all input pins. Each input is a schmidt trigger to increase noise 
immunity should the input be used without the de-glitch circuit. The mapping of the above functions and 
their alternate use in a slave SoPEC to GPIO pins is shown in Table 42 below. 



Table 42. GPIO pin functionality 







gpio(3:0] 


Motor control pins / general purpose <0 


gpk>[7:4] 


LED driver pfns / general purpose IO 


flP*o[11:8l 


LSS interface pins / general purpose IO 




iSI interface pins / general purpose IO 



13.2 Motor control 

The motor control pins can be directly controlled by the CPU or the motor control logic can be used to 
generate the phase pulses for the stepper motors. The controller consists of two central counters from 
which the control pins are derived. The central counters have several registers (see Table 44) used to con- 
figure the cycle period, the phase, the duty cycle, and counter granularity. 

There are two motor master counters (0 and 1) with identical features. The period of the master counters 
are defined by the MotorMasterClkPeriod f 1 : 0] and MotorMasterClkSrc registers i.e. both master counters 
are derived from the same MotorMasterClkSrc. The MotorMasterClkSrc defines the timing pulses used by 
the master counters to determine the timing period. The MotorMasterClkSrc can select clock sources of 
1 us, 1 OOus, 1 Oms and pclk timing pulses. 

The MotorMasterClkPeriodfl :0] registers are set to the number of timing pulses required before the tim- 
ing period re-starts. Each master counter is set to the relevant MotorMasterClkPeriod value and counts 
down a unit each time a timing pulse is received. 

The master counters reset to MotorMasterClkPeriod value and count down. Once the value hits zero a new 
value is reloaded from the MotorMasterClkPeriodfl: 6] registers. This ensures that no master clock glitch 
is generated when changing the clock period. 

Each of the fO pins for the motor controller are derived from the master counters. Each pin has indepen- 
dent configuration registers. The MotorMasterClkSelect[3:Q] registers define which of the two master 
counters to use as the source for each motor control pin. The master counter value is compared with the 
configured MotorCtrlHigh and MotorCtrlLow registers. If the count is equal to MotorCtrlHigh value the 
motor control is set to 1, if the count is equal to MotorCtrlLow value the motor control pin is set to 0. 

This allows the phase and duty cycle of the motor control pins to be varied at pclk granularity. 
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The motor control generators can be paused at the end of a clock period by setting the MotorMasterClock- 
Enable register to zero. This allows the CPU to re-configure the motor controller without causing a glitch 
on the output pins. 



13.3 LED CONTROL 

LED lifetime and brightness can be improved and power consumption reduced by driving the LEDs with a 
pulsed rather than a DC signal. The source clock for each of the LED pins is a 7.8kHz (128us period) 
clock generated from the \\is clock pulse from the Timers block. The LEDDutySelect registers are used to 
create a signal with the desired waveform. Unpulsed operation of the LED pins can be achieved by using 
CPU 10 direct control. By default the LED pins are controlled by the LED control logic. 



Master Clock 



LEDDutySelect =0 



LEDDutySelect =1 



LEDDutySefect =2 



LEDDutySelect =3 



LEDDutySelect =4 



LEDDutySelect =5 



LEDDutySelect =6 



LEDDutySelect -7 



13.4 LSS INTERFACE VIA GPIO 

In some SoPEC system configurations one or more of the LSS interfaces may not be used. Unused LSS 
interface pins can be reused as general IO pins by configuring the CpuIOCtrl register. When a bit in the 
CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the pin is controlled 
by the LSS block. By default the LSS controls the GPIO pins 1 1 to 8. 

1 3.5 ISI INTERFACE VIA GPIO 

In Multi-SoPEC mode the SCB block (in particular the ISI sub-block) requires direct access to and from 
the gpio[12] and gpiofJ3J pins. Control of the ISI interface pins is determined by the CpuIOCtrl register. 

When a bit in the CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the 
pin is controlled by the ISI block directly. By default the pins are directly controlled by the ISI block. 
In single SoPEC systems the pins can be re-used by the GPIO. 

13.6 CPU GPIO CONTROL 

The CPU can assume direct control of any (or all) of the IO pins individually. On a per pin basis the CPU 
can turn on direct access to the pin by setting the CpuIOCtrl register. Once set the IO pin assumes the 
direction specified by the CpuIODirection register. When in output mode the value in register CpuIOOut 
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will be directly reflected to the output driver. When in input mode the status of the input pin can be read in 
either the direct version or a de-giitched form, by reading CpuIOIn and CpuIOInDeglitch respectively. 
When writing to the CpuIOOut register the top bits of the register (bits 29 to 16) are used to filter access to 
the lower bits ( 1 3 to 0). 



13.7 Programmable de-glitching logic 

Each IO pin can be filtered through a de-glitching logic circuit. The circuit can be configured to sample the 
IO pin for a predetermined time before concluding that a pin is in a particular state. The exact sampling 
length is configurable, but each GPIO pin must use one of two possible configured values (selected by 
DeGlitchSelect). The sampling length is the same for both high and low states. The DeGlitchCount is pro- 
grammed to the number of system time units that a state must be valid for before the state is passed on. 
The time units are selected by DeGlitchClkSel and can be one of 1 U5, 100ns, 10ms and pclk pulses. 

For example if DeGlitchCount is set to 10 and DeGlitchClkSel set to 3, then an input pin (one of gpiofl 3 
to 0J) must consistently retain its value for 10 system clock cycles (pclk) before the input state will be 
propagated from CpuIOIn to CpuIOInDeglitch. 

13.8 Interrupt generation 

Any of the GPIO pins can generate an interrupt from the raw or deglitched version of the input pin. There 
are 14 possible interrupt sources from the GPIO to the interrupt controller, one interrupt per input pin. The 
InterruptSrcSelect register determines whether the raw input or the deglitched version is used as the inter- 
rupt source. 

The interrupt type, masking and priority can be programmed in the interrupt controller. 

1 3.9 Frequency analyser 

The frequency analyser measures the duration between successive positive edges on an input pin and 
reports the last period measured (FreqAnaLastPeriod) and a running average period (FreqA naAverage). 

The running average is updated each time a new positive edge is detected and is calculated by 
FreqAnaAverage = ( FreqAnaAverage / 8 ) * 7 + FreqAnaLastPeriod 1 8, 

The analyser can be used with any input pin (or its deglitched form), but only one pin at a time can be 
selected. The pin is selected by the FreqAnaPinSelect and its deglitched form can be selected by 
FreqAnaPinFormSelect. 
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13.10 Implementation 



13.10.1 Definitions of I/O 

Table 43. I/O definition 
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Clocks and Resets 


pclk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active tow 


tim_pulse[2;0] 


3 


In 


Timers block generated timing pulses. 

0 - 1 us pulse 

1 - 100 us pulse 

2 - 10 ms pulse 


CPU Interface 


cpu_addr[7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor this block 


cpu_dataout{31 :0] 


32 


In 


Shared write data bus from the CPU 


gpio_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_gpio_sel 


1 


In 


Block select from the CPU. When cpu_gpio_sef is high both 
cpu_addrar\d cpu_dataout are valid 


gpiO_cpu_rdy 


1 


Out 


Ready signal to the CPU. When gpio_jcpu_(dyte high It Indi- 
cates the last cycle of the access. For a write cycle this means 
cpujdataout has been registered by the GPIO block and for a 
read cycle this means the data on gpio_cpu_data is valid. 


gpio_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


gplo__cpu_debi;g_vaJid 


1 


Out 


Debug Data valid on gpfO_cpu_data bus. Active high 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

11 - Supervisor data access 


10 Pins 


gpto_o[13:0] 


14 


Out 


General purpose IO output to IO driver 


gpfoj[l3:0] 


14 


In 


General purpose IO Input from IO receiver 


gpio_e{13:0] 


14 


Out 


General purpose IO output control. Active high driving 


GPIO to LSS 


lss_gpio_do[1 :0] 


2 


In 


LSS bus data output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


gplojss_di[1:0] 


2 


Out 


LSS bus data Input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_e[1 ;0) 


2 


In 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_dk[1 :0J 


2 


In 


LSS bus dock output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


GPIO to IS I 
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Table 43. I/O definition 











gpio_isi_din[1:0] 


2 


Out 


Input data from IO receivers to IS). 


lsLgpto_doutfi:0] 


2 


In 


Data output from IS! to IO drivers 


i$LflP«o_e[1:0] 


2 


In 


GPIO I SI pins output enable (active high) from ISI Interface 


Interrupts 


gpk>_icujrq[13:0] 




Out 


GPIO pin interrupts 


Debug. 


debug_data_out[1 6:3] 


14 


In 


Output debug data to be muxed on to the GPIO pins 


debug__cntri[16:3] 


14 


In 


Control signal for each GPIO bound debug data line indicating 
whether or not the debug data should be selected by the pin 
mux 



13.10.2 Configuration registers 

The configuration registers in the GPIO are programmed via the CPU interface. Refer to section 1 1 .4.3 on 
page 70 for a description of the protocol and timing diagrams for reading and writing registers in the 
GPIO. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the GPIO. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of gpio_pcu_data. Table 44 lists the configuration registers in the GPIO block 



Table 44. GPIO Register Definition 



inii 




H 


H 




CPU IO Control 


OxOO 


CpulOCtri 


14 


0x0000 


Indicates whether each IO pin is directly control- 
led by the CPU or not 

0 - Default Control 

1 -CPU Control 


0x04 


CpulOUserModeMask 


14 


0x0000 


User Mode Access Mask to CPU QPIO control 
register When 1 user access Is enabled. One 
bit per gpio pin. Enables access to CpulODirec- 
tton, CputOOut, CpulOln and CpulOinDegtitch 
in user mode if CpulOCtri allows CPU access. 


0x08 


CpulOSuperModeMask 


14 


0x3FFF 


Supervisor Mode Access Mask to CPU GPIO 
control register. When 1 supervisor access is 
enabled. One bit per gpio pin. Enables access to 
CputODirection, CputOOut, CputOtn and Cpul- 
OinDegtitch in supervisor mode if CpulOCtri 
allows CPU access. 


OxOC 


CpulODirectton 


14 


0x0000 


Indicates the direction of each IO pin, when con- 
trolled by the CPU 

0 - Indicates Input Mode 

1 - Indicates Output Mode 
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Table 44. GPIO Register Definition 





mmgsam 










^puiuuut 


30 


0x0000 
-.0000 


Value used to drive output pin in CPU direct 
mode. 

bits13:0 - Value to drive on output GPIO pins 
bits 15:14 - Reserved, (Read as zero always) 
bits 29:16 - Write enable mask for bits13:0, 0 
enables write. 1 masks the write. (Read as zero 
always) 


0x14 


CpulOln 


14 


Exter- 
nal pin 
value 


Value received on each input pin regardless of 
mode. Read Only register. 


0x18 


CpulOln Deglitch 


14 


0x0000 


Deglitched version of CpulOln register. Note 
that after reset this register will reflect the exter- 
nal pin values 256 pctk cycles after they have 
stabilized. Read Only register. 


Deglitch contr 


ol 


0x20-024 


DeGlitchCountf 1 :0] 


2x8 


OxFF 


De-glitch circuit sample count in DeGlitchCikSrc 
selected units for pins gpio[13:0] 


0x28-2C 


OeGlttchClkSrcflrO] 


2x2 


0x3 


Specifies the unit use of the GPIO deglitch cir- 
cuits: 

0-1 jis pulse 

1 • 1 00 \xs pulse 

2 - 10 ms pulse 
3-pctfc 


0x30 


DeGlitchSelect 


14 


0x000 


Specifies which deglitch count (DeGtitchCount) 
and unit select (DeGlitchCikSrc) should be used 
to deglitch each GPIO pin 

0 - Specifies DeGlitchCount[0J and DeGUtchClk- 
Src[0J 

1 - Specifies DeGlitchCouni[1 ] and DeGlitchClk- 
Src(1) 


Motor Control 




0X34 


MotorCtriUserModeEnabfe 


1 


0x0 


User Mode Access enable to Motor control con- 
figuration registers. When 1 user access is ena- 
bled. 

Enables user access to MotorMasterClkPertod, 
MotorMasterClkSrc, MotorDutySelect. Motor- 
PhaseSetect, MotorMasterCfockSnabte and 
MotorMasterCfkSelect registers 


0x38to0x3C 


MotorMasterClkPeriodJI ^ 


2x16 


0x0000 


Specifies the motor controller master clock peri- 
ods in MotorMasterClkSrc selected units 


0x40 


MotorMasterClkSrc 


2 


0x0 


Specifies the unit use by the motor controller 
master clock generator: 

0 - 1 us pulse 

1 - 100 u£ pulse 

2 - 10 ms pulse 
3-pcflc 


0x44 to 0x50 


MotorCtrlHigh[3:0] 


4x16 


0x0000 


Specifies the tow to high transition point in the 
clock period for each motor control pin. 


0x54 to 0x60 


MotorCtriLow[3:0] 


4x16 


OxFFFF 


Specifies the high to low transition point in the 
clock period for each motor control pin. 



Vereion° PEC_hardWare ~ deSi9n S3 Pro P rietar y Document 29 Nov 2002 

ersion. 2.3 Rage ^ 




SoPEC : Hardware Design 



Table 44. GPIO Register Definition 



msmmmmmm 






0x64 to 0x70 


MotorMasterClkSelectl3:03 


4x1 


0x0 


Specifies which motor master clock should be 
used as a pin generator source 

0 - Clock derived from MotorMasterClockPe- 
riod[0] 

1 -Clock derived from MotorMasterCiockPe- 
riod[1] 


0x74 


MotorMasterClockEnable 


2 


0x0 


Enable the motor master clock counter. When 1 
count is enabled 

Bit 0 - Enable motor master clock 0 
Bit 1 - Enable motor master clock 1 


LED control 


0x78 


LEDCtriUserModeEnable 


4 


0x0 


User Mode Access enable to LED control con- 
figuration registers. When 1 user access is ena- 
bled. 

One bit per LEDDutySetect select register. 


0x7C to 0x88 


LEDDutySelect{3:0] 


4x3 


0x0 


Specifies the duty cycle for each LED pin .See 
Figure 42 for encoding details. The LEDDutySe- 
fect[3:0] registers determine the duty cycle of 
the gpto[7:4) pins 


Frequency Analyser 


OxSC 


FreqAnaPinSelect 


4 


0x00 


Selects which GPIO input should be used for the 
frequency analyses. 


0x90 


Freq AnaPinFormSel act 


1 


0x0 


Selects if the frequency analyser should use the 
raw Input or the degtitched form. 

0 - Degntched form of input pin 

1 - Raw form of input pin 


0x94 


FreqAnaLastPeriod 


16 


0x0000 


Frequency Analyser last period of selected input 
pin. 


0x98 


FreqAnaAverage 


16 


0x0000 


Frequency Analyser average period of selected 
input pin. 


0x9C 


FreqAnaCountlnc 


20 


0x0000 
0 


Frequency Analyser counter increment amount 
For each clock cycle no edge is detected on the 
selected input pin the accumlator is incremented 
by this amount. 


Miscellaneous 


OxAO 


InterruptSfcSelect 


14 


0x000 


Interrupt source select 1 bit per GPIO pin. 
Determines whether the interrupt source is 
direct form the input pin or the deglitched ver- 
sion 

1 - Input pin direct 

0 - Deglitched input pin 


0xA4 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of 
the register to report on the gpio_cpu_data bus 
when It is not otherwise being used. 


0xA8-0xAC 


MotorMaste rCount 


2x16 


0x0000 


Motor master clock counter values. 
Bus 0 - Master dock count 0 
Bus 1 - Master dock count 1 
Read Only registers 
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13.10.2. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the GPIO will issue a bus error byasserting the gpio_cpu_berr signal. 

Access to the CpuIODirection, CpuIOOut, CpuIOIn and CpuIOInDeglitch is filtered by the CpuIOUser- 
ModeMask and CpuIOSuperModeMask registers. Each bit masks access to the corresponding bits in the 
CpufO* registers for each mode, with CpuIOUserModeMask filtering user data mode access and CpuIO- 
SuperModeMask filtering supervisor data mode access. 

The addition of the CpuIOSuperModeMask register helps prevent potential conflicts between user and 
supervisor code read modify write operations. For example a conflict could exist if the user code is inter- 
rupted during a read modify write operation by a supervisor ISR which also modifies the CpuIO* registers. 

An attempt to write to a disabled bit in user or supervisor mode will be ignored, and an attempt to read a 
disabled bit returns zero. If there are no user mode enabled bits then access is not allowed in user mode 
and a bus error will result Similarly for supervisor mode. 

When writing to the CpuIOOut register, bits 29 to 16 are used to mask the write to the CpuIOOut [1 3:0], If 
the mask bit is zero the write is active to corresponding CpuIOOut pin, otherwise the write to that pin is 
ignored 

The pseudocode for determining access to the CpuIODirection register is shown below. Similar code could 
be shown for the CpuIOOut, CpuIOIn and CpuIOInDeglitch registers, 
if <cpu_acode == SUPERVISOR_DATAJMODE> then 
// supervisor mode 

if (CpuIOSuperModeMask I 13 :0J «= 0 ) then 

// access is denied, and bus error 
i o_cpu_berr = 1 
els if (cpu_rwn 1) then 

// read mode 

gpio_cpu_data{l3:0] = ( CpuIOOut 113 :0] & CpuIOSuperModeMask £ 13 : 0) ) 
else 

// write mode, filtered by mask! 

masktl3:0J = - (cpu_dataout [29 : 16) ) & CpuIOSuperModeMask [ 13 :0) 

CpuIOOut [ 13 : 0 ) = (( cpu_dataouttl3:0] & mask (13:0) ) | 
( CpuIOOut [ 13 :0J & -(mask[13:0))>)) 
elsif <cpu_acode USER__DATA_MODE ) then 
// user datamode 

if (CpuIOUserModeMask t 13 :0) mm 0 > then 

// access is denied, and bus error 

gpio_cpuJberr - 1 
elsif (cpu_rwn ==1) then 

// read mode, filtered by mask : 

gpio_cpu_data = ( CpuIOOut 113:0] & CpuIOUserModeMask 113:0]) 
else 

// write mode, filtered by mask 

mask[13:0J = - <cpu_dataout [29 : 16] ) & CpuIOUserModeMask! 13 : 0] 

CpuIOOut [13:0] = (( cpu_dataout(13:0] & mask(13:0] ) | 
( CpuIOOut [13:0] & -{mask[13:0]]))) 

else 

// access is denied, bus error 
gpio_cpu_berr = 1 
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Table 45 details the access modes allowed for registers in the GPIO block. In supervisor mode all registers 
are accessible. In user mode forbidden accesses will result in a bus error {gpio_cpu_berr asserted). 



Table 45. GPIO supervisor and user access modes 













0x00 


CpulOCtri 


Supervisor data mode only 




0x04 


CpulOUserModeMask 


Supervisor data mode only 




0x08 


CpulOSuperModeMask 


Supervisor data mode only 




OxOC 


CpulODirection 


CpulOUserModeMask and CpuJOSuperModeMask filtered 




0x10 


CpuIOOul 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x14 


CpulOln 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x18 


CpulOlnDeglitch 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x20-024 


DeGlitchCoumC1.-0J 


Supervisor data mode only 




0x28-20 


DeGBtchClkSrcfl^)] 


Supervisor data mode only 




0x30 


DeGBtchSelect 


Supervisor data mode only 


1 


0x34 


MotorCrrtUserModeEnable 


Supervisor data mode only 


1 


0x38 to 0x3C 


MotorMasterCtkPer1od[1 :0J 


MotorCtn User Mod eEnable enabled 


1 


0x40 


MotorMasterClkSrc 


MotorCtrtUserM ode Enable enabled 




0x44 to 0x50 


MotorCtflHigh[3:0J 


MotorCtrlUserMode Enable enabled 




0x54 to 0x60 | 


MotorCtriLow[3:0] 


MotorCtrtUserModeEnaWe enabled 


I 


0x64 to 0x70 


MotorMasterCtkSelect(3:0J 


MotorCtrlUserMode Enable enabled 


1 


0x74 


MotorMasterCtockEnabte 


MotorCtrlUserModeEnable enabled 




0x78 


LEDCtriUserModeEnaWe 


Supervisor data mode only 




0x80 


LEDDutySelectTO] j 


LEDCtriUserModeEnabIe[0} enabled 




0x84 


LEDOutySelect[1] 


LEDCtriUserModeEnable[1] enabled 




0x74 


LEDDutySe!ect(2] 


LEDCtrIUserModeEnable[2) enabled 




0x88 


LEODutySelectC3J 


LEDCtriUserModeEnaUe[3] enabled 




0x8C 


FreqAnaPinSeiect 


Supervisor data mode only 


1 


0x90 


FreqAnaPinFormSeiect 


Supervisor data mode only 




0x94 


FreqAnaLastPeriod 


Supervisor data mode only 




0x98 


FreqAnaAverage 


Supervisor data mode only 




0x9C 


FreqAnaCountlnc 


Supervisor data mode only 


1 


OxAO 


Interrupts rcSelect 


Supervisor data mode only 


1 


0xA4 


DebugSelect 


Supervisor data mode only 


1 


0xA8-0xAC 


MotorMasterCount 


Supervisor data mode only 
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13.10.3 GPIO partition 




Figure 43. GPIO partition 



13.10.4 IO control 

The IO control block connects the IO pin drivers to internal signalling based on configured setup registers 
and debug control signals. 

The motor, LED pins, ISI and LSS control logic: 
// motor and led pins 
for <i=0; i<14 ; i++) ( 

if (debug_cntrl[i) == 1) then 
9Pio_e(iJ a 1 

gpio_o[i] = debug_data_out{i) 
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cpu_io_in(i| = gpio_i(i] 
if <cpu_io_ctrl[i] == 1) then 

gpio_e[i] = cpu_io_dir (i) 

gpio_o I i } = cpu_i o_out ( i ] 

cpu_io_in[iJ e gpio_i[iJ 
else 

// default control 

if ( i < 4 ) then // motor control pins 

gpio_e(il = 1 

3pio_o[iJ = motor_ctrl (i) 

cpu_io_in[i] = gpio_i{i] 
elsif ( i < 8 ) then // LED pins 

gpio_e(iJ = 1 

gpio_o[i) « led_ctrl[i] 

cpu_io_in[i] = gpio_i[i) 
elsif (i < 10) then // LSS interface clock pins 

gpio_e(i) = 1 

gpio_o(i) « lss_gpio_clkli-8] 

cpu_io_in[i] = gpio_i[i] 
elsif (i < 12) then // LSS interface data pins 

gpio_e[i] = lss_gpio_e[i-10) 

gpio_o(i] = lss_gpio_do(i-10) 

lss_spio_di(i-10] = gpio_i[i) 
else // rsi interface* pins 

gpio_e[i) = isi_gpio_e(i-12) 

gpio_o(i] = isi_gpio_doutti-12) 

isi_gpio_din[i-12] = gpio_i(i] 

) 

13.10.5 LED pulse generator 

The pulse generator logic consists of a 7-bit counter that is incremented on a 1 us pulse from the timers 
block (tim_pulse[0]). The LED control signal is generated from comparing the count value with the con- 
figured duty cycle for the LED (led_duty_sel). 

The logic is given by: 

for (i=0 i<4 ;i*+) { // for each LED pin 
// period divided into 8 segments 
period_div8 = cnt[6:4); 

if (period_div8 <= led_duty_sel [il) then 

led_ctrl[i) = 1 
else 

led_ctrl[i] » 0 
//in higher half invert the led control 
if (cnt|6) 1) then 

led_ctrl(i) tx - led_ctrl[ij 

} 

// update the counter every lus pulse 
if <tim_pulse(0) == 1) then 
cnt ++ 

13.10.6 Motor control 

The motor controller consists of 2 counters, and 4 phase generator logic blocks, one per motor control pin. 
The counters decrement each time a timing pulse (cnt_en) is received. The counters start the configured 
clock period value (motor _mas_clk^period) and decrement to zero. If the counters are enabled (via 
motor_mas_clk__enable) t the counters will automatically restart at the configured clock period value, oth- 
erwise they will wait until the counters are re-enabled. 
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The timing pulse period is one of pclk, I us, lOOus, 1ms depending on the motor_mas_clk_sel signal. The 
counters are used to derive the phase and duty cycle of the of each motor control pin. 
// decrement logic 
if (cnt_en =» 1) then 

if ( (mas^cnt == 0) AND ( mo tor_mas_clk_ enable ==1)) then 

mas_cnt = motor_mas_clk_period[15 : 0] 
elsif ( (maa_cnt == 0> AND (motor_jaas_clk_enable -~ 0) ) then 

mas_cnt = 0 
else 

mas^cnt 
else // hold the value 
mas__cnt = mas_cnt 



moto r_mas_cik_£rc —y i 

tim_puJse{0]- ~ 
tim_pulse[l]- 
tim_putee[2J- 
1- 



motor_mas.dk _period[0l ~y~ 
motor_mas_dk_enabte{0] 




motor_mas_c0eperio<Jl 1 ] — y » 
motor_mas_dk_enableC1 ] » 



motor_ctrl 



2x16 

y ► motor_mas_count 



Figure 44. Motor control RTL diagram 

The phase generator block generates the motor control logic based on the selected clock generator 
(motor _mas_clk_set) the motor control high transition point (motor^ctrljkigh) and the motor control low 
transition point (motor __ctrlJtow). There are 4 instances one per motor control pin. 

The logic is given by: 

// select the input counter to use 
if <motor^mas_clk_sel == 1) then 

count = mas_cnt(l] 
else 

count - mas_cnt(0) 
// Generate the phase and duty cycle 

if { (motor_ctrl == 1 ) AND (count -= motor_ctrl_low) ) then 
motor_ctrl = o 

elsif ( (motor.ctrl =- 0) AND (count motor_ctrl_high) ) then 

motor_ctrl = 1 
else 

motor_ctrl - motor_ctrl // remain the same 
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13.10.7 Input deglitch 



The input deglitch logic rejects input states of duration less than the configured number of time units 
(deglitch_cnt\ input states of greater duration are reflected on the output cpujojnjieglitch. The time 
units used (either pclk, 1 us, lOOus, 1ms) by the deglitch circuit is selected by the deglitch_clk_src bus. 

There are 2 possible sets of deglitch^cnt and deglitck_clkjsrc that can be used to deglitch the input pins. 
The values used are selected by the deglitch_sel signal. 

Each input pin can be used to generate an interrupt. The interrupt can be generated from the raw input sig- 
nal or a deglitched version of the input The interrupt source is selected by the interrupt^ rcjselect signal. 
The counter logic is given by 

if ( cpu_io_in != cpu_io_in_delay) then 

cnt c degli tch_cn c 

output_en c 0 
elsif {cnt == 0 > then 

cnt a cnt 

output_en « i 
elsif (cnt_en — 1) then 

cnt 

output_en = 0 



epujojn • 



tim_pulse[0]- 

tim_pu!se[2]- 
1- 



cpuJo_in_delay 



degDtch_clK_s«^OJ 
deglitch_dk_se^i] 

degJiteh_c«t(0] 
oeglltch_cnt{1] 

deglitcn_seJ« 




Counter 
Logic 



> en 



Compare 



output_en 



cpuJoJn_deglltch 



cpu_to_in 
intemjpt_8rc_sei — 



J I ► gplo„lcuJrq 



Figure 45. Input de-glitch RTL diagram 



13.10.8 Frequency Analyser 

The frequency analyzer block monitors a selected input pin (selected by FreqAnaPinSelect and FreqAnaP- 
inFormSel) and detects positive edges. Between successive positive edges detected on the input pin it 
increments a counter by a programmed amount (FreqAnaCountfnc) on each clock cycle. When a positive 
edge is detected the FreqAnaLastPeriod register is updated with the top 16 bits of the counter and the 
counter is reset. The frequency analyser also maintains a running average of the FreqAnaLastPeriod regis- 
ter. Each time a positve edge is detected on the input pin the FreqAnaAverage register is updated with the 
new calculated FreqAnaLastPeriod. The average is calculated as 7/8 the current value plus 1/8 of the new 
value. Both the FreqAnaLastPeriod and FreqAnaAverage registers can be written to by the CPU. 
The pseudocode is given by 

if ({pin == l) AND pin_delay «0 ) ) then // positive edge detected 
freq_ana_lastperiod = count [31 :16J 

freq_ana_average = f req__ana_average - f re<a_ana_average/8 ♦ f req_ana_lastperiod/8 
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count = 0 
else 

count = count «■ freq_ana_count_inc 
// inclement the configuration register write 
if (wr_last_en == 1} then 

f req_ana_lastperiod = wr_data 
elsif (wr_average_en == 1 ) then 

f reci_ana_average 3 wr_data 



cpu_k> Jn_degfitct< 1 3:0| 
cpu_k>. 



itch(13:0|-^p, u 



freq_ana_pln_torni_sel - 
frecuano j»ln_set(3:0i • 




pl^detay » 



wr_data(15:0] — *y 

wr_last_en 

wr_average_en 



freq_ana_countJnc — 



AnaJyser Logic 



18 



16 



-> freq_ana_last_pcriod( 1 5 :0] 



16 



freo_ana_average[15:0] 



3 count 



32 



D 



Figure 46. Frequency analyser RTL diagram 
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14 Interrupt Controller Unit (ICU) 

The interrupt controller accepts up to N input interrupt sources, determines their priority, arbitrates based 
on the highest priority and generates an interrupt request to the CPU. The ICU complies with the interrupt 
acknowledge protocol of the CPU. Once the CPU accepts an interrupt (i.e. processing of its service routine 
begins) the interrupt controller will assert the next arbitrated interrupt if one is pending. 

Each interrupt source has a fixed vector number N, and an associated configuration register, IntRegfN]. 
The format of the IntRegfN] register is shown in Table 46 below. 



Table 46. IntRegfN] register format 



mmm 






Priority 


7:0 


Interrupt priority 


Typo 


9:8 


Determines the triggering conditions for ttie interrupt 
00- Positive edge 
10- Negative edge 
01 - Positive level 
1 1 - Negative level 


Mask 


10 


Mask bit. 

1 - Interrupts from this source are enabled, 
0 - Interrupts from this source are disabled. 

Note that there may be additional masks in operation at the source of the 
interrupt 


Reserved 


31:11 


Reserved. Write as 0. 



Once an interrupt is received the interrupt controller determines the priority and maps the programmed pri- 
ority to the available CPU priority levels, and then issues an interrupt to the CPU. The mapping of pro- 
grammed priority to native interrupt levels will be fixed, and is dependent oh CPU choice. 

For example for the LEON CPU there are 1 5 levels available which would allow 16 sub-priorities per level 
(as each level is in itself a priority). In this case priorities 255-240 map to level 15, 240-224 to level 14 and 
so on, with priorities 15-0 corresponding to level 0. Level 0 is no interrupt. Level 15 is the highest interrupt 
level. 

14.1 Interrupt preemption 

There are two types of pre-emption possible: standard LEON pre-emption and SoPEC pending pre-emp- 
tion. With standard LEON pre-emption an interrupt can only be pre-empted by an interrupt with a higher 
priority level. If an interrupt with the same priority level (1 to 15) as the interrupt being serviced becomes 
pending then it is not acknowledged until the current service routine has completed. The SoPEC pending 
pre-emption is an extension of the standard LEON scheme which is made possible by the programmable 
priority levels in the IntRegfN] register. 

Interrupts with a higher sub-priority will pre-empt interrupts with a lower sub-priority but the same prior- 
ity level mapping, if the interrupt has not been acknowledged by the CPU i.e. it is still pending. If an inter- 
rupt with a higher sub-priority arrives while an interrupt with a lower sub-priority at the same level is 
being serviced then it will not be serviced until the lower sub-priority service routine has completed. 

Thus when pre-emption is required, interrupts should be programmed to different levels as interrupt prior- 
ities of the same level have no guaranteed servicing order. 

The interrupt is directly acknowledged by the CPU and the ICU automatically clears the pending bit of 
acknowledged interrupts. 
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J3 



All interrupt controller registers are only accessible in supervisor data mode. If the user code wishes to 
mask an interrupt it must request this from the supervisor and the supervisor software will resolve user 
access levels. 



14.2 Interrupt sources 



The mapping of interrupt sources to interrupt vectors (and therefore IntRegfN] registers) is shown in 
Table 47 below. Please refer to the appropriate section of this specification for more details of the interrupt 
sources. 

Table 47. Interrupt sources vector table 



wmm 


mm 




0 


Timers 


Watch Dog Timer Update request 


1 


Timers 


Generic Timer 1 interrupt 


2 


Timers 


Generic Timer 2 interrupt 


3 


Timers 


Generic Timer 3 interrupt 


4-17 


GPIO 


GPIO general interrupt, source pin 0 -13 


18 


MMU 


MMU Security violation 


19 


SCB 


USB interrupt ~~t 


20 


SCB 


ISJ interrupt 


21 


SCB 


DMA interrupt 


22 


LSS 


LSS interrupt, LSS interface 0 interrupt request 


23 


LSS 


LSS interrupt, LSS interface 1 interrupt request 


24 


PCU 


PEP Sub-system Interrupt- CDU finished band | 


25 


PCU j 


PEP Sub-system Interrupt- CDU error 


26 


PCU 


PEP Sub-system interrupt- LBD finished band 


27 


PCU 


PEP Sub-system Interrupt- TE finished band 


28 


PCU 


PEP Sub-system Interrupt- PCU finished band | 


29 


PCU j 


PEP Sub-system Interrupt- PCU invalid address interrupt 


30 


PCU | 


PEP Sub-system Interrupt- PHI Buffer underrun 


31 


PCU 


PEP Sub-system Interrupt- PHI Page finished 


32 


PCU 


PEP Sub-system Interrupt- PHI Print ready 


33 


PHI 


PEP Sub-system Interrupt- PHI Line Sync Interrupt 
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1 4,3 Implementation 
14.3.1 Definitions of I/O 



Table 48. Interrupt Controller Unit I/O definition 



■hum 




inn 




Crocks and Resets 








pcfk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_adif7:2J 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for the ICU block 


cpu_dataout(31.-0) 


32 


In 


Shared write data bus from the CPU 


icu_cpu_data[31:0J 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common readmot-write signal from the CPU 


cpu_icu_sel 


1 


In 


Block select from the CPU. When cpu^fcu^seJ is high both 
cpu_adr and cpu_dataout are valid 


tcu_cpu__rdy 


1 


Out 


Ready signal to the CPU. When icu_cpu_rdy\s high it indi- 
cates the last cycle of the access. For a write cycle this 
means qpt/_dataoirf has been registered by the ICU block 
and for a read cycle this means the data on feu cpu data Is 
valid. 


teu_cpujlevei[3:0] 


4 


Out 


Indicates the priority level of the current active Interrupt 


cpu_iack 


1 


Out 


Interrupt request acknowledge from the LEON core. 


cpujcu_ilevei(3:0] 


4 


In 


Interrupt acknowledged level from the LEON core 


*cujcpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acodell:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


*cu_cpu_debug_valid 




Out 


Debug Data valid on feu cpu data bus. Active high 


Interrupts "" 


tim_icu_wd_irq 




In 


Watchdog timer Interrupt signal from the Timers block 


timJtxMrq{2:0J 




In 


Generic timer interrupt signals from the Timers block 


gpto_icuJrq[l3:0J 


14 


In 


GPIO pin interrupts 


mmu_icu_irq j 




In 


Memory Management Unit interrupt 


usb_icu_irq 




In 


USB interrupt from the SCB 


isijcujrq 




In 


ISI interrupt from the SCB 


dmajcujrq 




In 


DMA interrupt from the SCB 


Issjcujrqp :0J 




In 


LSS interface interrupt request 


cdu.finishedband 




in 


Finished band Interrupt request from the CDU 


cdujcujpegerror 




In 


JPEG error interrupt from the CDU 


lbd_finishedband j 




in 


Finished band Interrupt request from the LSD 


te_finishedband 




In 


Finished band interrupt request from the TE 


pcu_finishedband 




In 


Finished band Interrupt request from the PCU 


pcu J cu_add ressj n valid 




In 


Invalid address interrupt request from the PCU 
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Table 48. Interrupt Controller Unit I/O definition 











phi_icu_underrun 


1 


In 


Buffer underrun interrupt request from the PHI I 


phijcu_page_finish 


1 


In 


Page finished interrupt request from the PHI 


phi_icu _print_rdy 


1 


In 


Print ready interrupt request from the PHI 


phijcujinesyncjnt 


1 j 


In 


Line sync interrupt request from the PHI 



14.3.2 Configuration registers 

The configuration registers in the ICU are programmed via the CPU interface. Refer to section 1 1.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the ICU. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the ICU. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of icu_pcu_data. Table 49 lists the configuration registers in the ICU block. 

The ICU block will only allow supervisor data mode accesses (i.e. cpujacode[l:Q] = 
SUPERVISOR_DATA). All other accesses will result in icu^cpujberr being asserted 



Table 49. ICU Register Map 





H 






0x00 - 0x84 


!ntReg[33:0J 


34x11 


0x000 


Interrupt vector configuration register 


0x88-0x8C 


IntCleartliO] 


2x32 


0x0000 
_00OO 


Interrupt pending clear register. If written with a one 
it clears corresponding interrupt 
lntCJear(0] - Interrupts sources 31 to 0 
lntClear{1] • Interrupts source 33 to 32 


0x90-0x94 


!ntPending[1:0] 


2x32 


0x0000 
_0000 


Interrupt pending register. (Read Only) 
lntPending[0] - Interrupts sources 31 to 0 
IntPendingfl ] - Interrupts source 33 to 32 


0x98 


IntSource 


6 


0x00 


Indicates the interrupt source of the current winning 
active interrupt (Read Only) 


0x9C 


DebugSefect 


6 


0x00 


Debug address select Indicates the address of the 
register to report on the fcu_cpu_date bus when it 
is not otherwise being used. 
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14.3.3 ICU partition 

fcu_wdjrq 
icujrq[2:0] 
ujrq[13:0] 



tim_fcu_wdjrq 
tim_icu_ 
gptoJcujL H ._ J 
mmu_Jcu_lrq 
usb Jcujrq • 

teUcuJrq • 
dmajcujrq • 
lss_lcu_Jrq[1:0| • 
cdu_finishe<Jband - 
odu_icu_fc>egerror • 
Ibd.finlshedband . 
tejinishedband • 
pcuji rushed band . 
pcu_lcu_eddress_ invalid . 
phijcu_page_flnish . 
phi J cu_pr trH_rdy . 
phi_icu_urxJerrun - 
pWJcuJinesyncJnt - 



x34 



int_src 



34 



Interrupt 
detect 



1 



34x12 



Int active ^ 



int priority* 4 ? 



Interrupt 
arbiter 



epujm_cleaf 



t t 
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Figure 47. ICU partition 



14.3.4 Interrupt detect 



The ICU contains multiple instances of the interrupt detect block, one per interrupt source. The interrupt 
detect block examines the interrupt source signal, and determines whether it should generate request pend- 
ing {int_pend) based on the configured interrupt type and the interrupt source conditions. If the interrupt is 
not masked the interrupt will be reflected to the interrupt arbiter via the int^acrive signal. Once an interrupt 
is pending it remains pending until the interrupt is accepted by the CPU or it is level sensitive and gets 
removed. Masking a pending interrupt has the effect of removing the interrupt from arbitration but the 
interrupt will still remain pending. 

When the CPU accepts the interrupt (using the normal ISR mechanism), the interrupt controller automati- 
cally generates an interrupt clear for that interrupt source (cpujnt_clear). Alternatively if the interrupt is 
masked, the CPU can determine pending interrupts by polling the fntPending registers. Any active pending 
interrupts can be cleared by the CPU without using an ISR via the IntClear registers. 

The logic is shown below: 

mask n int_config(10] 

type = int_conf ig[9 : 8] 

int_priority = int_conf ig(7 : 0] 

int_jpend = last_int_pend // the last pending interrupt 

// update the pending FF * 
if <(int_clear == 1 )OR <cpu_int_clear==l) ) then 

int_j?end = 0 
// test for interrupt condition 

if ((type =« NEG_ level ) AND (int_src == 0) then 
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int __pend = l 
elsif (<type == POS_LEVEL) AND (int_src == 1) 
int_pend = 1 

elsif ((type »= NEG_EDGE ) AND (int_src == 1) AND <last_int_ 8 rc 0)) 
int_pend = 1 

elsif ((type =* P0S_EDGE ) AND (int_src == 0) AND (last_int_src *= 1)) 

int_pend = 1 
else 

int_pend = last_int_src // stay the same as before 
// mask the pending bit 
if (mask =- 1) then 

int_active = int_pend 
else 

int_active « 0 
// assign the registers 
last_int_src = int_src 
last_int_pend = int_pend 

14.3.5 Interrupt arbiter 

The interrupt arbiter logic arbitrates a winning interrupt request from multiple pending requests based on 
configured priority. It generates the interrupt to the CPU by setting icu_cpujlevel to a non-zero value. The 
priority of the mterrupt is reflected by the value assigned to icujcpujlevel, the higher the value the higher 
the priority, 15 being the highest. The current winning interrupt and is reported to the CPU via the IntSrc 
register generated in the interrupt arbiter block. 

// arbitrate based on priority 
if (arb__enable == 1 ) then 

// arbitrate with the current winner 
win_int_priority = 0 
int^src = 0 

int_re<juest = 0 

for (i = 0;i<34;i«. + ) { 

if ( int_active(i] « i) then { 

if <int_priority[i] > win_int_priority > then 
win_int_priority «= int_priority [ il 
int_src = i 

int_request e l 

> 

> 

> 

// assign the CPU interrupt level 
int_ilevel = int_priority[int_srcJ (7:4) 
) 

14.3.6 Interrupt controlter 

The interrupt controller is responsible for generating the interrupt to the CPU, accepting the interrupt 
acknowledge from the CPU and clearing the interrupt source pending bit 
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The exact procedure is CPU dependent, but examples are given for the LEON processor. See section 1 1 .9 
on page 98 for a complete description of the interrupt handling procedure. 
reset==0. 



■c 



Reset 



c 



art)_enable = 1 



int requests 



IntPend 



< 



)lcu_c 
art>_< 



cpujtevoi Hrrtjievel 
.enables 1 



CPU tach=1 AND 
ecu iaj HflveMcu 



CPU gflVfil 



IntClear 



cpuJnt_dea/(lnt.srcH 
art>_enaWe = o 



Machine remains in same state by default 
AO outputs are zero unless otherwise stated 

State Description: 

Reset : Normal reset state 

IntPend: Interrupt pending, waiting for CPU acknowledge 

IntClear Interrupt clear, clear the pending bit for the 
current interrupt vector 



Figure 48. Interrupt controller state diagram 

After reset the interrupt controller remains in the Reset state until the interrupt arbiter indicates that there is 
an active interrupt pending (int_request equal 1). The state machine goes to the IntPend state and signals to 
the CPU that an interrupt is pending. The machine will remain in the IntPend state until the interrupt is 
acknowledged by the CPU or the pending interrupt condition is removed. 

When the interrupt is acknowledged the state machine goes to the IntClear state to clear the pending bit of 
the interrupt source. 

On completion the state machine returns to the Reset state and again waits for the next pending interrupt 
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15 Timers Block (TIM) 



The Timers block contains general purpose timers, a watchdog timer and timing pulse generator for use in 
other sections of SoPEC. 



1 5.1 Watchdog timer 



The watchdog timer is a 32 bit counter value which counts down each time a timing pulse is received. The 
period of the timing pulse is selected by the WatchDogUnitSel register. The value at any time can be read 
from the WatchDogTimer register and the counter can be reset by writing a non-zero value to the register. 
Should the counter reach I, a system wide reset will be triggered as if the reset came from a hardware pin. 

The watchdog timer can be polled by the CPU and reset each time it gets close to 1 , or alternatively a 
threshold (WatchDoglntThres) can be set to trigger an interrupt for the watchdog timer to be serviced by 
the CPU. This interrupt can be effectively masked by setting the threshold to zero. The watchdog timer can 
be disabled, without causing a reset, by writing zero to the WatchDogTimer register. 



1 5.2 Timing pulse generator 



The timing block contains a timing pulse generator clocked by the system clock, used to generate timing 
pulses of Ijis, lOOus and 10ms. Each pulse is of one system clock duration and is active high, with the 
pulse period accurate to the system clock frequency. 

The timing pulse generator also contains a 64-bit free running counters that can be read or reset by access- 
ing the FreeRunCount register. 



15.3 Generic timers 



SoPEC contains 3 programmable generic timing counters, for use by the CPU to time the system. The tim- 
ers are programmed to a particular value and count down each time a timing pulse is received. If a particu- 
lar timer decrements to 0, then an interrupt is generated. The counter can be programmed to automatically 
restart the count, or wait until re-programmed by the CPU. At any time the status of the counter can be 
read from GenCnt Value, or can be reset by writing to GenCntValue register. The auto-restart is activated 
by setting the CenCntAuto register, when activated the counter restarts at GenCntStartValue. A counter 
can be stopped or started at any time, without affecting the contents of the GenCntValue register, by writ- 
ing a 1 or 0 to the relevent GenCntEnable register. 
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15.4 Implementation 

15.4.1 Definitions of f/O 



Table 50. Timers block I/O definition 



mmmmasam 




mi 




Clocks and Resets 


pdk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


tim_pulse[2:0] 


3 


Out 


Timers block generated timing pulses, each one pdk wide 

0 - 1 fis pulse 

1 - 100 Jls pulse 
2- 10ms pulse 


CPU Interface 


cpu_adrf6:2) 


5 


In 


CPU address bus. Only 5 bits are required to decode the 
address space for the ICU block 


cpu_dataout(3l:0] 


32 


In 


Shared write data bus from the CPU 


tim_cpu_data£31:0} 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_tim_sel 


1 


In 


Block select from the CPU. When cpu_fwn_se/is high both 
cpu__adran<i cpu_dataout are valid 


tim_cpu_rdy 


1 


Out 


Ready signal to the CPU. When tim_cpu_rdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the TIM block 
and for a read cycle this means the data on tim_cpu_data is 
valid. 


tim_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11. Supervisor data access 


tim_cpu_debug_valid 


1 


Out 


Debug Data valid on tim_cpu_data bus. Active high 


Miscellaneous 


tim„icu_wd_irq 


1 


Out 


Watchdog timer interrupt signal to the ICU block 


timjcujrq[2:0] 


3 


Out 


Generic timer interrupt signals to the ICU block 


tim_cpr_reset_n 


1 


Out 


Watch dog timer system reset. 
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15.4.2 Timers sub-block partition 



CPU 





cpu_ tiro sef 


7~~* 




cpu_dataout 


» 




tim_cpu„fdy 






tim_cpu.data 




«- 


cpu_rwn 






cpo a code 


»■ 


«- 


tim_cpu_berr 




4- 


tim cpu debuq valid 









iree_run_cjit 






lree_run_data 






free_run_wen 






free, run adr 




> 



"6> 



5 
S 



Timing pufse 
generator 





wrfaa unit 5Bl 




— * 




wdog_wen 




— ► 




wttoa tim data 


_s 


-> 


4 


wdoa tim crtt 







«n tim en 



4- 



flflfj unit s fl| 



ORfi wftn 



pen ttm_data 



oeo_tim_cnt 



gen_tim,cnt_st_value g 



Watchdog 
timer 



-> tim_pulse[2:0] 

tim_taj_wd_irq 
tim_cpr_feset_n 



5: 



Generic 
timers 



> timjeu Jrqj2:0] 



Figure 49. Timers sub-block partition diagram 



15.4.3 Watchdog timer 



The watchdog timer counts down from pre-programmed value, and generates a system wide reset when 
equal to one. When the counter passes a pre-programmed threshold (wdogjtimjthres) value an interrupt is 
generated (tim_icu_wd_irq) requesting the CPU to update the counter. Setting the counter to zero disables 
the watchdog reset. In supervisor mode the watchdog counter can be written to or read from at any time, in 
user mode access is denied. Any accesses in user mode will generate a bus error. 
2 

wdog_unJus6l — 7^ — 

tim_puiae[OJ ^ 

tim_putse[1] 
tim_puls6l2J 
1 



wdog_wen 
wdog_tim_data 




>■ tim_icu_wd_irq 
■► Um_cpr_reset_n 
>• wdog_tim_cnt 



Figure 50. Watchdog timer RTL diagram 



The counter logic is given by 

if <wdog_wen == 1) then 

wdog_tinucnt = wdog_t in\_data 

els if ( wdog_tim_cnt == 0) then 
wdog_tin\_cnt s wdog_tin\_cnt 

els if ( cnt_en == 1 ) then 



// load new data 



// count disabled 
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wdog_ t indent- - 
else 

wdog__tim_cnt = wdog_tin\_cnt 
The timer decode logic is 

if (( wdog_tim_cnt == wdog_tin\_thres) AND (wdog_tin\_cnt != 0 >) then 

tin_,-cu_wd_irq a \ 
else 

tim_icu__wd_,irci = 0 
// reset generator logic 
if (wdog_t indent == 1) then 

ti~ucpr_reset_n = 0 
else 

tinucpr_reset_n = 1 



1 5.4.4 Generic timers 



The generic timers block consists of 3 identical counters. A timer is set to a pre-configured value (GenCnt- 
StartValue) and counts down once per selected timing pulse (gen_unit_sel). The timer can be enabled or 
disabled at any time (genjtim^en), when disabled the counter is stopped but not cleared. The timer can be 
set to automatically restart (genjtim__auto) after it hits zero. In supervisor mode a timer can be written to or 
read from at any time, in user mode access is determined by the GenCntUserModeEnable register settings. 

2 

gen_unit.se]— 

tfm_put$e(0] 

tim_pulsepl 
tim_pulse[2] 
1 

gen_tJrrucnt_st_va!ue 
ger\_wen 

• gen_tim_data /• » j Logic ~ Decode I ► ttm_icu_lfq 

gen_tim_en 



gen_tim_auto 




Q6n_tim_crrt 



Figure 51. Generic timer RTL diagram 



The counter logic is given by 

if (gen__wen *« 1) then 

'gen_tim_cnt - gen_t iit\_da ta 
elsif (( cnt_en == 1 ) AND (gen_tim_en == 1 ) ) then 

if ( gen_ti*L_cnt == 0) then // counter may need re-starting 
if (gen_tin_auto -» 1) then 

gen_tim_cnt = gen_tinucnt_st_value 
else 

gen_tim_cnt = gen_tim_cnt 

else 

gen_tim_cnt — 

else 

gen_tim_cnt = gen_t im_.cn t 

The decode logic is 

if <gen_t im_.cn t == 1> then 

tim_,icu__ir<j = 1 
else 

tinv_icu_irq = 0 
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15.4.5 Timing pulse generator 

The timing pulse generator contains a general free running 64-bit timer and 3 timing pulse generators pro- 
ducing timing pulses of one cycle duration with a period of lus, lOOus and 1ms. In supervisor mode the 
free nmning timer register can be written to or read from at any time, in user mode access is denied. The 
status of each of the lus, IOO^is and 1ms timer can be read by accessing the JlmerPulseStatus registers. 
Any accesses in user mode will result in a bus error. The status of each of the lus, 100 us and 1ms timer 
can be read by accessing the TimerPulseStatus register in supervisor mode. 



Free Run Timer 



tiee_run_wen W 

free_run_data — 
free_r\jn_adr fr> 



free_run_cnt 



> tim_pu!se(0] 



pu!$e_1us 



putee_100us 




tfm_putse[2:0]- 
Figure 52. Pulse generator RTL diagram 



15.4.5.1 Free Run Timer 

The increment logic block increments the timer count on each clock cycle. The counter wraps around to 
zero and continues incrementing if overflow occurs. When the timing register (FreeRunCouni) is written 
to, the configuration registers block will set the free_run_wen high for a clock cycle and the value on 
free_runjdata will become the new count value, for the 32 bits selected by the free_run_adr signal. If 
jree_run_adr is l the higher 32 bits of the counter will be written to, otherwise the lower 32 bits are writ- 
ten to. It is the responsibility of software to handle these writes in a sensible manner. 

The increment logic is given by 

if ( free_run_wen == 1) then 
if ( free_run_adr «= 1) then 

f ree_run_cnt [63 : 32 ] = f ree_run_data 
else 

f ree_run_cnt [31 : 0] * free_run_data 

else 
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free_run_cnt ++ 



15.4.5.2 Pulse Timers 



The pulse timer logic generates timing pulses of 1 clock cycle length and period of lus, lOOus and 1ms. 
The logic for the lus timer is given by: 

// lus generator 

if (pulse_lus_cnt « 0 ) then 

pulse_lus_cnt = 159 

pulse_lus = 1 

else 

pulse_lus_cnt — 
pulse^lus = 0 

The logic for lOOus timer is given by: 
// lOOus generator 

if ( <pulse_100us_cnt == 0 ) AND (pulse__lus « 1) ) then 

pulse_100us_ cnt - 99 

pulae_100us = 1 

elsif (pulse_lus == 1) then 

pulse_100us_cnt -- 

pulse_100us = 0 

else 

pulse_100us_cnt — 
pulse_100us = 0 

The logic for the 10ms timer is given by: 
// 10ms generator 

if ( <pulse_10ms_cnt == 0 > AND <pulse_100us == 1) > then 

pulse_10ms_cnt = 99 

pulse_10ms = 1 

elsif <pulse_100us == 1) then 

pulse_10ms_cnt — 

pulse_10ms e= 0 

else 

pulse_10ms_cnt — 
pulse_10ms = 0 



The configuration registers in the TIM are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70. for a description of the protocol and timing diagrams for reading and writing registers in the TIM. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the TIM. 



1 5.4.6 Configuration registers 
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When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of timjpcujdata. Table 51 lists the configuration registers in the TIM block . 



Table 51. Timers Register Map 





fell 


Uraseta 


I .-J if£ v*** *? Vr - At. afe r ^iU- :t* K< \A- 


0x00 


Watch DogUnitSel 


3 


0x0 


Specifies the units used for the watchdog 
timer: 

0 - 1 jjls pulse 

1 - 100 (is pulse 

2- 10 ms pulse 

3- pcflc 


0x04 


Watch DogTlmer 


32 


OxFFFF 
_FFFF 


Specifies the number of units to count before 
watchdog timer triggers. 


0x08 


Watch Dog IntThres 


32 


0x0000 
_0000 


Specifies the threshold value below which the 
watchdog timer issues an interrupt 


0xOC-Ox1O 


ReeRunCountfl .-0} 


2x32 


0x0000 
_0000 


Direct access to the free running counter reg- 
ister. 

Bus 0 - Access to bits 31-0 
Bus 1 - Access to bits 63-32 


0x14to0x1C 


GenCntStartvalue[2:0] 


3x32 


0x0000 
_0000 


Generic timer counter start value, number of 
units to count before event 


0x20 to 0x28 


GenCntvalue[2:0] 


3x32 


0x0000 
.0000 


Direct access to generic timer counter regis- 
ters 


fWOfl tn Ovid 




3x2 


0x0 


Generic counter unit select Selects the timing 
units used with corresponding counter 

0 - 1 ue pulse 

1 - 100 u.s pulse 

2 - 10 ms pulse 
3-pCflc 


0x38 to 0x40 


GenCntAuto[2:0] 


3x1 


0x0 


Generic counter auto re-start select When 
high timer automatically restarts, otherwise 
timer stops. 


0x44 to 0x4C 


GenCntEnaWe[2«l 


3x1 


0x0 


Generic counter enable. 

0 - Counter disabled 

1 - Counter enabled 


0x50 


GenCntUserModeEnaWe 


3 


0x0 


User Mode Access enable to generic timer 
configuration register. When 1 user access is 
enabled. 

Bit 0 - Generic timer 0 
Bit 1 - Generic timer 1 
Bit 2 -Generic timer 2 


0x54 


DebugSelect 


6 


0x00 


Debug address select. Indicates the address 
of the register to report on the tim_cpu_data 
bus when it is not otherwise being used. 


Read Only Registers 


0x58 


PulseTimerStatus 


24 


0x00 


Current pulse timer values, and pulses 

6:0 - 1 us timer count 

7 - 1 us pulse 

14:8 - 100us timer count 

15 - lOOus pulse 

22:16- 10ms timer count 

23 -10 ms pulse 
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1 5.4.6. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the block will issue a bus error by asserting the tim_cpu_berr signal. 

The timers block is fully accessible in supervisor data mode, all registers can written to and read from. In 
user mode access is denied to all registers in the block except for the generic timer configuration registers 
that are granted user data access. User data access for a generic timer is granted by setting corresponding 
bit in the GenCntUser Mode Enable register. This can only be changed in supervisor data mode. If a partic- 
ular timer is granted user data access then all registers for configuring that timer will be accessible. For 
example if timer 0 is granted user data access the GenCntStortValue[0) \ GenCntUnitSelfO], GenCn- 
UutofOJ, GenCntEnable[0] and GenCntValuefOJ registers can all be written to and read from without any 
restriction. 

Attempts to access a user data mode disabled timer configuration register will result in a bus error. 

Table 52 details the access modes allowed for registers in the TIM block. In supervisor data mode all reg- 
isters are accessable. All forbidden accesses will result in a bus error (tim_cpujberr asserted). 



Table 52. TIM supervisor and user access modes 









fmmm'i 






0x00 


WatchDogUnitSel 


Supervisor data mode only 


0x04 


Watch DogTimer 


Supervisor data mode only 


0x08 


Watch DoglnfThres 


Supervisor data mode only 


0x000x10 


FreeRunCount 


Supervisor data mode onfy 


0x14 


GenCntStartValuefO] 


G enCntUserMode EnaWe{0] 


0x18 


GenCntStartValue[ 1 ] 


GenCntUserMode Enab!e[1 1 


Oxl C 


GenCntStartValue[2J 


GenCntUserModeEnaMe[2] 


0x20 


GenCntVaIue[0] 


GenCntUserModeEnabIe[0] 


0x24 


GenCntValuep] 


GenCntUserMode EnaWef1 ] 


0x28 


GenCntValue[2] 


GenCntUserMode EnaWe{2] 


0x2C 


GenCntUnitSef[0] 


GenCntUserModeEnabfe[0] 


0x30 


GenCntUnitSefpJ 


GenCntUserModeEnaWe[1l 


0x34 


GenCntUnitSeI[2] 


GenCntUserMode EnaWe[2] 


0x38 


GenCntAutofO] 


GenCntUserModeEnablefO] 


0x3C 


GejiCntAuto{1] j 


GenCntUserMode£nable[1 ] 


0x40 


GenCntAuto(2] 


G enCntUserModeEnabJe(2] 


0x44 


GenCnt£nable[0] 


GenCntUserModeEnablefO] 


0x48 


GenCntEnaWe[1] 


GenCntUser ModeEnaWe(1 ] 


0x4C 


GenCntEnable[2] 


GenCntUser Mode Enab»e[2] 


0X50 


GenCntUserModeEnable 


Supervisor data mode only 


0x54 | 


DebugSelect 


Supervisor data mode only 


0x58 


PulseTimerStatus 


Supervisor data mode only 
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16 Clocking, Power and Reset (CPR) 

The CPR block provides all of the clock, power enable and reset signals to the SoPEC device. 

1 6.1 POWERDOWN MODES 

The CPR block is capable of powering down certain sections of the SoPEC device. When a section is pow- 
ered down (i.e. put in sleep mode) no state is retained, the CPU must re-initialize the section before it can 
be used again. The exact powerdown mechanism is undefined and is technology dependent. 

For the purpose of powerdown the SoPEC device is divided into sections: 



Table 53. Powerdown sectioning 







Print Engine Pipeline Subsystem 
(Section 0) 


CDU 


CFU 




LBD 




SFU 




TE 




TFU 




HCU 




DNC 




DWU 




LLU 




PHI 


CPU-DRAM (Section 1) 


ORAM 




CPU/MMU 




DIU 




TIM 




ROM 




LSS Interface j 


Comma Subsystem (Section 2) 


USB 




IS! 




DMA Ctrl 




GPIO 




PSS 




ICU j 



16.1.1 Sleep mode 

Each section can be put into sleep mode by setting the corresponding bit in the SleepModeEnable register. 
To re-enable the section the sleep mode bit needs to be cleared and then the section should be reset by 
writing to the relevant bit in the ResetSection register. Each block within the section should then be re-con- 
figured by the CPU. 

| If the CPU system is put into sleep mode, the SoPEC device will remain in sleep mode until a system level 

reset is initiated from the reset pin, or a wakeup reset by the SCB block as a result of activity on either the 
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USB or ISI bus. If all sections are put into sleep mode, then only a system level reset initiated by the reset 
pin will re-activate the SoPEC device. 

Like all software resets in SoPEC the ResetSection register is active-low i.e. a 0 should be written to each 
bit position requiring a reset. The ResetSection register is self-reseting. 

16.2 Reset source 

The SoPEC device can be reset by a number of sources. When a reset from an internal source is intiated 
the reset source register (ResetSrc) stores the reset source value. This register can then be used by the CPU 
to determine the type of boot sequence required 

1 6.3 Clock relationship 

The crystal oscillator excites a 32MHz crystal through the xtalin and xtalout pins. The 32MHz output is 
used by the PLL to derive the master VCO frequency of 960MHz. The master clock is then divided to pro- 
duce 320MHz clock (clk320), 160MHz clock (clkI6ff) 9 106MHz clock (clklOG) and 48MHz (clk48) clock 
sources. 

The phase relationship of each clock from the PLL will be defined The relationship of internal clocks 
clk320 t clkl 06, clk48 and clkl 60 to xtalin will be undefined The clock tree generation should create inser- 
tion delays so as to compensate for the phase difference of the clocks leaving the PLL. At the output of the 
clock block, the skew between each pclk domain (pclk_section[3:0J and jclk) should be within skew toler- 
ances of their respective domains (defined as less than the hold time of a D-type flip flop). 

The skew between doclk and phiclk should also be less than the skew tolerances of their respective 
domains. 

The usbclk is derived from the PLL output and has no relationship with the other clocks in the system and 
is considered asynchronous. 
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Sh 



There is no skew requirement between the pclk domains and the doclk and phiclk domains, they are con- 
sidered essentially asynchronous to each other. 



1.04ns 



PLL Master Clock 



nmruuirij^^ 



dk320 



doclk 



clk160 



pcfk 
jdk 



dk106 



phrdk 



&K320 PLL prutsa shift 



,4 H doclk insertion ctela/ 



t4 dkl 60 PLL phase shift 



1_J LJ L_J — L_J — L_ 



\ pOWjcflc insertion delay 



i r 



dk1 06 PLL phase shift 



n i i i — i_ 

J l I L 

l I i r 



S< H phWk insertion delay 

Figure 53. SoPEC clock relationship 



1 6,4 Implementation 
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16.4.1 Definitions of I/O 



Table 54. CPR I/O definition 





B8BP 


BSt 




Clocks and Resets 


xtalin 


1 


in 


Crystal Input, direct from IO pin. 


xtalout 


1 


Out 


Crystal output, direct to 10 pin. 


pdk_saction[2:0] 




Out 


System clocks for each section 


phidk ' 




Out 


Printhead interface clock (doc Ik/3) for the PHI block 


doclk 




Out 


Data out dock (2x pdk) for the PHI block 


jclk 




Out 


Gated version of system dock used to clock the JPEG decoder 
core in the COU 


usbdk 




Out 


USB clock at 3 times the crystal input frequency, nominally at 48 
Mhz 


jdk_enable 




In 


Gating signal for jdk. 


reset_n 




In 


Reset signal from the fsset^n pin 


usb_cpr_jeset_n 




In 


Reset signal from the USB block 


isi_cpr_reset_n 




In 


Reset signal from the ISI block 


tim_cpr_reset_n 




In 


Reset signal from watch dog timer. 


prst_n_sectlon[2:0] 




Out 


System resets for each section, synchronous active low 


phirst_n 




Out 


Reset for PHI block, synchronous to phidk 


dorst_n 




Out 


Reset for PHI block, synchronous to doclk \ 


jrst_n ' 




Out 


Reset for JPEG decoder core in CDU block, synchronous to jdk 


usbrst_n 




Out 


Reset for the USB block, synchronous to usbdk 


Test Input 


test_dk 




In 


Test dock direct from external pin. for use in production test (scan 
test) 


test_enablo 




In 


Test enable. Direct from external pin. When high production test 
mode Is enabled. 


CPU Interface 


cpu_adr(3:2] 


2 


In 


CPU address bus. Only 2 bits are required to decode the address 
space for the CPR block 


cpu_dataou$31 :0J 


32 


In 


Shared write data bus from the CPU 


cpr_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common reacVnot-wrfte signal from the CPU. 


cpu_cpr_sel 


1 


In 


Block select from the CPU. When cpu_cpr_sel is high both 
cpu_adrand cpu^dataout are valid 


cpr_cpu_rdy 


1 


Out 


Ready signal to the CPU. When cpr_cpu_rdy is high it indicates 
the last cycle of the access. For a write cyde this means 
cpu_da ta out has been registered by the block and for a read cyde 
this means the data on cpr_cpu_data is valid. 


cpr_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode[1 :0J 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


cpr_cpu_debug__valid 


1 


Out 


Debug Data valid on cpr_cpu_data bus. Active high 
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Table 54. CPR I/O definition 





ass 


HS 






Miscellaneous 


pwr_steep_mode[2:0] 




| Out 


Steep mode section select 



16.4.2 Configuration registers 

The configuration registers in the CPR are programmed via the CPU interface. Refer to section 11.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the CPR. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the CPR. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of cpr_pcu_data. Table 55 lists the configuration registers in the CPR block. 

The CPR block will only allow supervisor data mode accesses (i.e. cpu_acode[l:OJ = 
SUPER VISOR J2ATA ). All other accesses will result in cpr__cpu_berr being asserted . 



Table 55. CPR Register Map 



MM 






oxoo 


Sleep Mode Ena We 


3 


0x0 


Steep Mode enable, when high a section of logic 
has is powerdown. Each bit controls a section 


0x04 . 


ResetSrc 


4 


0x0 a 


Reset Source register, indicating the source of 

the last reset 

Bit 0 - External Reset 

Bit 1 - USB wakeup reset 

Bit 2 - ISI wakeup reset 

Bit 3 - Watchdog timer reset 


0x08 


ResetSection 


3 


0x7 


Active-iow synchronous reset for each section, 
self-resetting. 


OxOC 


DebugSeiect 


6 


0x00 


Debug address select, indicates the address of 
the register to report on the cpr_cpu_data bus 
when it is not otherwise being used. 


PLL Control (Asynchronous reset registers) 


0x10 


PLLTuneBits 


10 


0x23 E 


PLL tuning bits 


0x14 


PLLRangeA 


4 


OxF 


PLLOUT A frequency selector (defaults to 
6O0Mhz to1250Mhz) 


0x18 


PLLRangeB 


3 


0x7 


PLLOUT B frequency selector (defaults to 
600Mhzto1250Mhz) 


0x1 C 


PLLMuItJpller 


S 


0x25 


PLL multiplier selector, defaults to refctkx 20 



a. Reset value depends on reset source. External reset shown. 
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J3 



1 6.4.3 CPR Sub-block partition 



tesLenaWe- 
test_clk- 



Ctock Generator 



test_enabJe 



Jcfk_enabte 



pwr_steep_mod*4 



+ Clock 




Figure 54. CPR block partition 
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16.4.4 Sync reset 

The reset synchronizer retimes an asynchronous reset signal to the clock domain that it resets. The circuit 
prevents the inactive edge of reset occurring when the clock is rising 



pdk| 
reset_dom 



i r 



i r 



prst_n 



synchipnizer 



reset_dom 




prsl.n 



Figure 55. Reset synchronizer logic 



1 6.4.5 Reset generator logic 

The reset generator logic is used to determine which clock domains should be reset, based on configured 
reset values {resetjsection_n) y the external reset (reset_n% watchdog timer reset (tim_cpr_reset_n) and 
resets from the SCB block (isi_cpr_reset_n, usb_cpr_reset_ri). The reset direct from theTo pin (reset_n) is 
synchronized and de-glitched before feeding the reset logic. 

Resets from the SCB block reset everything except its own section (section 2), this allows data to be stored 
in the PS S block for use after a SCB powerup initiated reset 



Table 56. Reset domains 





mm&mmm 


reset_dom[0} 


doclk domain 


reset_dom{1] 


phfcfk domain 


reset_dom[2] 


usbctk domain 


reset_dom[3] 


Section 0 pdk domain 


reset_dom[4] 


Section 1 pdk domain 


reset_dom[5] 


Section 2 pclk domain 


reset_dom[6J 


jdk domain 



The logic is given by 

if (reset_n == 0> then 

reset_dom{6;0] = 0x00 // reset everything 

reset_src[3:0) = 0x01 
els if (usb_cpr_reset_n »= 0) then 

reset_dom(6 :0] = 0x20 // all except comms domain 

reset_srcl3 :0J » 0x02 
els if <isi_cpr_reset_n 0) then 

reset_doa{6:0] = 0x20 // all except coxncns domain 

reset_src[3:0] = 0x04 
els if <tim_cpr_reset_n 0) then 

reset_domr6:03 = 0x00 // reset everything 

reset_srcf3 :0] = 0x08 
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else 

// propagate resets from reset section register 

reset_dom[5 :0] = 0x3 F 

if (reset_section_n(0] == 0) then 

reset_dora[3] = 0 
if (reset_section_n[l] == 0) then 

reset_dorof4) s 0 
if (reset_section_n(2] == 0> then 

reset_dom[5] « 0 



1 6.4.6 Gate enable logic 

The gate enable logic is a combinational logic block used to generate gating signals for each of SoPECs 
clock domains. The gate enable [gateJLomain) is generated based on the configured sleep_mode_en and 
the internally generated jclk_enable signal. 

The logic is given by 

// clock gating for sleep modes 
gate_dom[5:3) = 0x7 // default to on 
for (i=0 ;i < 3 ; i*+) { 

if <sleep_mode_en(i] == 1) then 
gate_dom£i+3] - 0 
pwr_sleep_mode[i] == 1 

) 

// jclk and remaining 
gate_dom[2:0) » 0x7 
gate_dom{6] = jclk_enable) 



16.4.7 Clock gate logic 



The clock gate logic is used to safely gate clocks without generating any glitches on the gated clock. When 
the enable is high the clock is active otherwise the clock is gated 



src_dk I 
gate_dom 
gate_dorrL.retimed~ 



gate_dock 



gate_dom- 



src_cJk- 



gate_dom_retimed 



► gate_ctock 



Figure 56. Clock gate logic diagram 
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16.4.8 Clock generator Logic 

The clock generator block contains the PLL, crystal oscillator, clock dividers and associated control and 
. test logic. The PLL VCO frequency is at 960Mhz locked to a 32 Mhz refclk generated by the crystal oscil- 
lator. In test mode the xtalin signal can be driven directly by the test clock generator, the test clock will be 
reflected on the refclk signal to the PLL. 

test_enable . , 



xtalin — 
xtalout 



Crystal 
Oscillator 



refclk 



pll__range_a 
pU_range_b 
pfLmuttpner 
pILtune 



prst_n 




►cik320 
►cik160 
*clk106 



>dk46 



Figure 57. PLL and Clock divider logic 



16.4.B.1 Clock divider A 

The clock divider A block generate the 320Mhz, 160Mhz and 106Mhz clocks from the input 320Mhz 
clock (pl!_outb) generated by the PLL. The divider flips flops are asynchronously reset by the prst^n sig- 
nal. The divders are enabled only when the PLL has acquired lock as indicated by the plljock signal. 

16.4.8,2 Clock divider B 

The clock divider B block generate the 48Mhz clock from the input 96Mhz clock (pll^outa) generated by 
the PLL. The divider flips flops are asynchrously reset by the prst_n signal. The divders are enabled- only 
when the PLL has acquired lock as indicated by the plljock signal. 
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17 ROM Block 



17.1 Overview 

The ROM block interfaces to the CPU bus and contains the SoPEC boot code. The ROM block consists of 
the CPU bus interface, the ROM macro and the ChipID macro. The current ROM size is 16 KBytes imple- 
mented as a 4096 x32 macro. Access to the ROM is not cached because the CPU enjoys fast (no more than 
one cycle slower than a cache access), unarbitrated access to the ROM. 

Each SoPEC device is required to have a unique ChipID which is set by blowing fuses at manufacture. 
IBM's 300mm EC1D macro is to be used to implement the ChipID and this offers 1 12-bits of laser fuses. 
The exact number of fuse bits to be used for the ChipID will be determined later but all bits are made 
available to the CPU. The ECID macro allows all 1 12 bits to be read out in parallel and the ROM block 
will make all 1 12 bits available in the FuseChipID/NJ registers which are readable by the CPU in supervi- 
sor mode only. 

17.2 Boot operation 

The are two boot scenarios for the SoPEC device namely after power-on and after being awoken from 
sleep mode. When the device is in sleep mode it is hoped that power will actually be removed from the 
DRAM, CPU and most other peripherals and so the program code will need to be freshly downloaded each 
time the device wakes up from sleep mode. In order to reduce the wakeup boot time (and hence the per- 
ceived print latency) certain data items are stored in the PSS block (see section 18). These data items 
include the SHA-l hash digest expected for the program(s) to be downloaded, the master/slave SoPEC id 
and some configuration parameters (currently TBD). All of these data items are stored in the PSS by the 
CPU prior to entering sleep mode. The SHA-l value stored in the PSS is calculated by the CPU by 
decrypting the signature of the downloaded program using the appropriate public key stored in ROM. This 
compute intensive decryption only needs to take place once as part of the power-on boot sequence - subse- 
quent wakeup boot sequences will simply use the resulting SHA-l digest stored in the PSS. Note that the 
digest only needs to be stored in the PSS before entering sleep mode and the PSS can be used for tempo- 
rary storage of any data at all other times. 

The CPU is expected to be in supervisor mode for the entire boot sequence described by the pseudocode 
below. Note that the boot sequence has not been finalised but is expected to be close to the following: 

if < Reset Src == 1) then // Reset was a power-on reset 

conf igure_sopec // need to configure peris (USB, ISI, DMA, ICU etc.) 
// Otherwise reset was a wakeup reset so peris etc. were already configured 
PAUSE: wait until IrqSemaphore 1-0 //i.e. wait until an interrupt has been serviced 
if ( IrqSemaphore « DMAChanOMsg) then 

parse_msg(EMAChanOMsgPtr) // this routine will parse the message and take any 

// necessary action e.g. programming the DMAChannell registers 
elsif (IrqSemaphore == DMAChanlMsg) then // program has been downloaded 

CalculatedHash = gen_shal ( ProgramLocn , ProgramSize) 

if (Reset Src == 1) then 

ExpectedHash = sig_decrypt ( Programs ig) 

else 

ExpectedHash = PSSHash 
if (ExpectedHash == CalculatedHash) then 

jmptPrgramLocn) // transfer control to the downloaded program 
else 

send_host_msg ( "Program Authentication Failed") 
goto PAUSE: 

elsif (IrqSemaphore timeout) then // nothing has happened 
if (ResetSrc « 1) then 
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sleep_mode() // put SoPEC into sleep mode to be woken up by USB/ISI activity 
else //we were woken up but nothing happened 
reset_sopec (PowerOnReset) 

else 

goto PAUSE 

The boot code places no restrictions on the activity of any programs downloaded and authenticated by it 
other than those imposed by the configuration of the MMU i.e. the principal function of the boot code is to 
authenticate that any programs downloaded by it are from a trusted source. It is the responsibility of the 
downloaded program to ensure that any code it downloads is also authenticated and that the system 
remains secure. The downloaded program code is also responsible for setting the SoPEC ISIId (see section 
12.7 for a description of the ISFId) in a mujti -SoPEC system. See the "SoPEC Security Overview" docu- 
ment [9] for more details of the SoPEC security features. 

17.3 Implementation 



17.3.1 Definitions of I/O 



Table 57. ROM Block I/O 





ms 


t&ffi 




Clocks and Resets 


prst_n 


1 


In 


Global reset. Synchronous to pctk, active low. 


pdk 


1 


In 


Global clock 


CPU Interface 


cpicadr[15;2] 


14 


In 


CPU address bus. Only 14 bits are required to decode the address 
space for this block. 


rom_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu^rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acbde[l:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11- Supervisor data access 


cpu_rom_sel 


1 


In 


Block select from the CPU. When cpu_mm_sef is high cpu_adr is 
valid 


rom_cpu_rdy 


1 


Out 


Ready signal to the CPU. When rom_cpu_ rdy is high it Indicates 
the last cycle of the access. For a read cycle this means the data on 
rom^cpu_data is valid. 


rom_cpu_berr 


1 


Out 


ROM bus error signaJ to the CPU indicating an invalid access. 



17.3.2 Configuration registers 

The ROM block will only allow read accesses to the FuseChipID registers with supervisor data space per- 
missions (i.e. cpu_acodefJ:OJ = 11). All other accesses of the FuseChipID registers will result in 
rom_cpuJ>err being asserted. The ROM block allows all read accesses to the ROM itself (i.e supervisor or 
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user, data or program accesses). The CPU subsystem bus slave interface is described in more detail in sec- 
tion 9.4.3. 



Table 56. ROM Block Register Map 













0x8000 to 
0x8004 


FuseChiplDfN] 


32 


n/a 


Value of corresponding fuse bits. (Read only) 



17.3.3 Sub-Block Partition 



IBM offer two variants of their ROM macros; A high performance version (ROMHD) and a low power 
version (ROMLD). It is likely that the low power version will be used unless some implementation issue 
requires the high performance version. Bom versions offer the same bit density. The sub-block partition 
diagram below does not include the clocking and test signals for the ROM or ECID macros. The CPU sub- 
system bus interface is described in more detail in section 1 1 .4.3. 



ROM Macro 
4096 x 32 



IBM 300mm ECID macro 



i 
i 
i 

Fuseooi 
— Q — 

<i 

k 

H 
H 
H 

FUSC111 



rom_adr 



rom_data 



fuse_data 



fuse_reg_adr 



4*- 



CPU Bus 
Interface 



4- 
















► 




► 



cpu_adr 

rom_cpu_data 

cpu_rom_sel 

cpu_rwn 

rom_cpu_rdy 

cpu_acode 

rom_cpu_berr 



Figure 56. Sub-block partition of the ROM block 

17.3.4 Sub-block signal definition 

Table 59. ROM Block Internal signals 







msmasm 




Clocks and Resets 


prst_n 




Global reset. Synchronous to pdk, active low. 
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Table 59. ROM Block Internal signals 









pclk 




Global clock 


Internal Signals 


rom_adr[11:0] 


12 


ROM address bus 


rom_sel 


1 


Select signal to the ROM macro instructing it to access the location 
at rom_adr 


rom_oe 


1 


Output enabie signal to the ROM block 


rom_data[31 :0] 


32 


Data bus from the ROM macro to the CPU bus interface 


rom_dvaJid 


1 


Signal from the ROM macro indicating that the data on mm_data is 
valid for the address on rom_adr 


fuse_data(31:0) 


32 


Data from the FuseChipfDfN] register addressed by fuse_reg_adr 


fuse_refl_adrJ1 ft] 


2 


Indicates which of the FuseChlpID registers is being addressed 
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18 Power Safe Storage (PSS) Block 

18,1 Overview 

The PSS block provides 128 bytes of storage space that will maintain its state when the rest of the SoPEC 
device is in sleep mode. The PSS is expected to be used primarily for the storage of decrypted signatures 
associated with downloaded programmed code but it can also be used to store any information that needs 
to survive sleep mode (e.g. configuration details). Note that the signature digest only needs to be stored in 
the PSS before entering sleep mode and the PSS can be used for temporary storage of any data at all other 
times. 

Prior to entering sleep mode the CPU should store all of the information it will need on exiting sleep mode 
in the PSS. On emerging from sleep mode the boot code in ROM will read the ResetSrc register in the CPR 
block to determine which reset source caused the wakeup. The reset source information indicates whether 
or not the PSS contains valid stored data, and the PSS data determines the type of boot sequence to exe- 
cute. If for any reason a full power-on boot sequence should be performed (e.g. the printer driver has been 
updated) then this is simply achieved by initiating a full software reset. 



1 8.2 Implementation 

The storage area of the PSS block will be implemented as a 128-byte register array. The array is located 
from PSS_base through to PSS_base+0x7F in the address map. The PSS block will only allow read or 
write accesses with supervisor data space permissions (i.e. cpu_acode[l:OJ - 11). All other accesses will 
result in pss_cpujberr being asserted The CPU subsystem bus slave interface is described in more detail 
in section 11.4.3. 
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18.2.1 Definitions of I/O 



Table 60. PSS Brock I/O 







HS3 




Clocks and Resets 


prst_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


pcfk 


i 


In 


Global clock 


CPU Interface 


cpu_adr(6:2) 


5 


In 


CPU address bus. Only 5 bits are required to decode the address 
space for this block. 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


pss_cpu_data(31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[1 .-0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


cpu_pss_sel 


1 


In 


Block select from the CPU. When cpu _pss_sel 13 high both cpu_adr 
and cpu_dataout are valid 


pss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When pss_cpu_rxfy \s high H indicates the 
last cycle of the access. For a read cycle this means the data on 
pss_cpu_daia is valid. 


pss_cpu_berr 


1 


Out 


PSS bus error signal to the CPU indicating an Invalid access. 
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19 Low Speed Serial Interface (LSS) 



19.1 Overview 



The Low Speed Serial Interface (LSS) provides a mechanism for the internal SoPEC CPU to communicate 
with external QA chips via two independent LSS buses. The LSS communicates through the GPIO block 
to the QA chips. This allows the QA chip pins to be reused in multi-SoPEC environments. The LSS Mas- 
ter system-level interface is illustrated in Figure 59. Note that multiple QA chips are allowed on each LSS 
bus. 

CPU sub-system bus 
«-±-M 



CPU 



LSS Master 



SoPEC 

LSS busO 



GPIO 



QA Chip 0 



QA Chip 1 



LSS bus 1 



QA Chip 2 



QAChlp3 



Figure 59. LSS master system-level interface 



19.2 QA COMMUNICATION 



The SoPEC data interface to the QA Chips is a low speed, 2 pin, synchronous serial bus. Data is trans- 
ferred to the QA chips via the lss_data pin synchronously with the iss^clk pin. When the iss_clk is high the 
data on lss_jdata is deemed to be valid. Only the LSS master in SoPEC can drive the Iss_clk pin, this pin is 
an input only to the QA chips. The LSS block must be able to interface with an open-collector pull-up bus. 
This means that when the LSS block should transmit a logical zero it will drive 0 on the bus, but when it 
should transmit a logical 1 it will leave high-impedance on the bus (i.e. it doesn't drive the bus). If all the 
agents on the LSS bus adhere to this protocol then there will be no issues with bus contention. 

The LSS block controls all communication to and from the QA chips. The LSS block is the bus master in 
all cases. The LSS block interprets a command register set by the SoPEC CPU, initiates transactions to the 
QA chip in question and optionally accepts return data. Any return information is presented through the 
configuration registers to the SoPEC CPU. The LSS block indicates to the CPU the completion of a com- 
mand or the occurrence of an error via an interrupt. 



19.2.1 Start and stop conditions 



All transmissions on the LSS bus are initiated by the LSS master issuing a START condition and termi- 
nated by the LSS master issuing a STOP condition. START and STOP conditions are always generated by 
the LSS master. As illustrated in Figure 60, a START condition corresponds to a high to low transition on 
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J3 



Issjdata while lss_clk is high. A STOP condition corresponds to a low to high transition on lss_data while 
lss_clk is high. 



Us.data 



lss_clk 



V 



\__f 



START 
CONDITION 



STOP 
CONDITION 



Rgure 60. START and STOP conditions 



19.2.2 Data transfer 

Data is transferred on the LSS bus via a byte orientated protocol Bytes are transmitted serially. Each byte 
is sent most significant bit (MSB) first through to least significant bit (LSB) last. One clock pulse is gener- 
ated for each data bit transferred Each byte must be followed by an acknowledge bit 

The data on the Issjdata must be stable during the HIGH period of the iss_clk clock. Data may only 
change when lss_clk is low. A transmitter outputs data after the falling edge of Issjclk and a receiver inputs 
the data at the rising edge of lss_clk. This data is only considered as a valid data bit at the next lss_clk fall- 
ing edge provided a START or STOP is not detected in the period before the next lss_clk falling edge. All 
clock pulses are generated by the LSS block. The transmitter releases the lss_data line (high) during the 
acknowledge clock pulse (ninth clock pulse)- The receiver must pull down the lss_daia line during the 
acknowledge clock pulse so that it remains stable low during the HIGH period of this clock pulse. 

Data transfers follow the format shown in Figure 61. The first byte sent by the LSS master after a START 
| condition is a primary id byte, where bits 7-2 form a 6-bit primary id (0 is a global id and will address all 

QA Chips on a particular LSS bus), bit I is an even parity bit for the primary id, and bit 0 forms the read/ 
write sense. Bit 0 is high if the following command is a read to the primary id given or low for a write 
command to that id. An acknowledge is generated by the QA chip(s) corresponding to the given id (if such 
a chip exists) by driving the Issjdata line low synchronous with the LSS master generated ninth Issjclk. 



lss_data f Ms7- bUO \ Ack f ^bitsJ -^] [""bit0 ] ^ Acfc / \ bits 7 - ^ bitO ] f~ Nacfc ^ I / T" 

* • t t 

1 • , , 

— ' i ii II 1 I ri i i ii i I?.' 

START IDbytt[7:l] R/W ACK DATA ACK DATA ACK STOP 

conditioa condition 



Rgure 61. LSS transfer of 2 data bytes 



19.2.3 Write procedure 



The protocol for a write access to a QA Chip over the LSS bus is illustrated in Figure 63 below. The LSS 
master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It then trans- 
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mits the primary id byte with a 0 in bit 0 to indicate that the following command is a write to the primary 
id. An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS master 
will clock out M data bytes with the slave QA Chip acknowledging each successful byte written. Once the 
slave QA chip has acknowledged the 14 th data byte the LSS master issues a STOP condition to complete 
the transfer. The QA chip gathers the M data bytes together and interprets them as a command. See QA 
Chip Interface Specification for more details on the format of the commands used to communicate with 
the QA chip[8]. Note that the QA chip is free to not acknowledge any byte transmitted. The LSS master 
should respond by issuing an interrupt to the CPU to indicate this error. The CPU should then generate a 
STOP condition on the LSS bus to gracefully complete the transaction on the LSS bus. 



Byte 0 



s 


IDbytef?:!) 


0 


5-v" 


Daia(8) 


m 















ByteM-1 ByteM 
C351 



Dai*(8) 



Daxa(8) 




S = Start condition 
A = Ack 
N = Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 62. Example of LSS write to a QA Chip 



19.2.4 Read procedure 

The LSS master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It 
then transmits the primary id byte with a 1 in bit 0 to indicate that the following command is a read to the 
primary id. An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS 
master releases the lss_data bus and proceeds to clock the expected number of bytes from the QA chip 
with the LSS master acknowledging each successful byte read. The last expected byte is not acknowledged 
by the LSS master. It then completes the transaction by generating a STOP condition on the LSS bus. See 
QA Chip Interface Specification for more details on the format of the commands used to communicate 
with the QA chip[8]. 




S = Start condition 
A = Ack 
N=Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 63. Example of LSS read from QA Chip 
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19-3 Implementation 

A block diagram of the LSS master is given in Figure 64. It consists of a block of configuration registers 
that are programmed by the CPU and two identical LSS master units that generate the signalling protocols 
on the two LSS buses as well as interrupts to the CPU. The CPU initiates and terminates transactions on 
the LSS buses by writing an appropriate command to the command register, writes bytes to be transmitted 
| to a fifo and reads bytes received from a fifo, and checks the sources of interrupts by reading status regis- 

ters. 
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Figure 64. LSS block diagram 
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19.3.1 Definitions of IO 

Table 61. LSS IO pins definitions 



Clocks and Resets 


pclk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_rwn 


1 


In 


Common read/not-wnte signal from the CPU 


cpu_adr(7:2] 


5 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for this block 


cpu_dataoutl31:0] 


32 


In 


Shared write data bus from the CPU 


cpu_acode[1:0] 


2 


In 


CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acode[1 J - User (0) / Supervisor (1) access 


cpu_lss_sel 


1 


In 


Block select from the CPU. When cpu_ls$_sel is high both 
cpu_acfrand cpu_dataout are valid 


Iss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When 1ss_cpu_rdy i$ high it indicates 
the last cycle of the access. For a write cycle this means 
cpu_dataouthas been registered by the LSS block and for a 
read cycle this means the data on iss_cpu_data is valid. 


tss_cpu_berr 


1 


Out 


LSS bus error signal to the CPU. 


lss_cpu_data[31 ."OJ 


32 


Out 


Read data bus to the CPU 


lss_cpu_debug_vai:d 


1 


Out 


Active high. Indicates the presence of valid debug data on 
lss_cpu_data. 


GPIO for LSS buses | 


lss_gplo_do[1:0] 


2 


Out 


LSS bus data output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


gpioJss_di[1 :0] 


2 


In 


LSS bus data input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_el1:0J 


2 


Out 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_clk[1 :0] 


2 


Out 


LSS bus clock output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


ICU Interface 


lss_icu_irq[1:0] 


2 


Out | 


LSS interrupt requests 

Bit 0 - interrupt associated with LSS bus 0 

Bit 1 - Interrupt associated with LSS bus 1 
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19.3.2 Configuration registers 

The configuration registers in the LSS block are programmed via the CPU interface. Refer to section 1 1.4 
on page 69 for the description of the protocol and timing diagrams for reading and writing registers in the 
LSS block. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the LSS bloclc Table 62 lists the configuration registers in the LSS block. When reading a register that is 
less than 32 bits wide zeros should be returned on the upper unused bit(s) of lss_cpu_data. 

The input cpujacode signal indicates whether the current CPU access is supervisor, user, program or data. 
The configuration registers in the LSS block can only be read or written by a supervisor data access, i.e. 
when cpujacode equals bl 1. If the current access is a supervisor data access then the LSS responds by 
asserting lss_cpu_rdy for a single clock cycle. 

If the current access is anything other than a supervisor data access, then the LSS generates a bus error by 
asserting lss_cpujberr for a single clock cycle instead of Iss_cpu_rdy as shown in section 1 1 .4 on page 69. 
A write access will be ignored, and a read access will return zero. 



Table 62. LSS Control Registers 









H 




Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the LSS. 


0x04 


LssClockHighPeriod 


16 


oxooce 


High period of lss_dk expressed as a number of pclk 
cycles. Transmission over the LSS bus Is at a nominal 
rate of 400kHz, corresponding to a high period of 200 
pctk (160Mhz) cycles for a 50/50 duty cycle. 


0x08 


LssClockLowPeriod 


16 


0x0008 


Low period of Iss^ctk expressed as a number of pctk 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz, corresponding to a low period of 200 
pctk (1 60Mhz) cycles for a 50/50 duty cycle. 


LSS bus 0 registers 


0x10 


LssOIntStatus 


3 


0x0 


LSS bus 0 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary Id byte on LSS bus 0 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 0 
A 1 in a bit of ts$0_status_set signal causes the corre- 
sponding bit in LssOIntStatus register to be set. 
Ail the bits in LssOIntStatus are cleared when the 
LssOCmd register gets written to. 
(Read only register) 


0x14 


LssOCurrentState 


4 


0x0 


Gives the current state of the LSS bus 0 state 
machine. (Read only register). 
(Encoding will be specified upon state machine imple- 
mentation) 


0x18 


LssOCmd 


22 


0x00 
.0000 


Command register defining sequence of events to 
perform on LSS bus 0 before interrupting CPU. 
A write to this register causes all the bits in the 
LssOIntStatus register to be cleared as well as gener- 
ating a lssO_new_cmd pulse. 
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Table 62. LSS Control Registers 





^^^^^^^^^^ 




mm. 




0x1C~0x2C 


Lss0fitb[4:0J 


5x32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


LSS bus 1 registers 


0x30 


LssllntStatus 


3 


0x0 


LSS bus 1 interrupt status registers 
Bit 0 - command completed successfully 
Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 1 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 1 
A 1 in a bit of tss 1_status_set signed causes the corre- 
sponding bit in LssllntStatus register to be set. 
All the bits in LssllntStatus are cleared when the 
LsslCmd register gets written to. 
(Read only register) 


0x34 


Lss1 Currents tate 


4 


0x0 


Gives the current state of the LSS bus 1 state 
machine. (Read only register) 
(Encoding will be specified upon state machine imple- 
mentation) 


0x38 


LsslCmd 


22 


0x00_ 
0000 


Command register defining sequence of events to 
perform on LSS bus 1 before interrupting CPU. 
A write to this register causes all the bits in the 
LssllntStatus register to be cleared as well as gener- 
ating a lss1_new_cmd pulse. 


0x3C-Ox4C 


Lss1Biiffer(4:01 


5x32 


0x0000 
.0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


Debug registers 


0x50 


LssDebugSel 


5 


0x00 


Selects register for debug output. This value is used 
as the input to the register decode logic instead of 
cpu_adr[6:2] when the LSS block is not being 
accessed by the CPU, I.e. when cpu_lss_sei is 0. 
The output tss_cpu_detxjg_vaf!d fs asserted to indi- 
cate that the data on tss_cpu„data is valid debug 
data. This data can be mutliplexed onto chip pins dur- 
ing debug mode. 



19.3.2. 1 LSS command registers 

The LSS command registers define a sequence of events to perform on the respective LSS bus before issu- 
ing an interrupt to the CPU. There is a separate command register and interrupt for each LSS bus. The for- 
mat of the command is given in Table 63. The CPU writes to the command register to initiate a sequence 
of events on an LSS bus. Once the sequence of events has completed or an error has occurred, an interrupt 
is sent back to the CPU. 

Some example commands are: 

• a single START condition (Start - 1 , IdByteEnable - 0, RdWrEnable = 0, Stop = 0) 

• a single STOP condition (Start = 0, IdByteEnable = 0, RdWrEnable = 0, Stop = 1) 

• a START condition followed by transmission of the id byte {Start 1 , IdByteEnable - 1 , RdWrEnable 
~ 0, Stop «= 0, IdByte contains primary id byte) 
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• a write transfer of 20 bytes from the data buffer (Start « 0, IdByteEnable « 0, RdWrEnable - 1, 
RdWrSense = 0, Stop = 0, TxRxByteCount = 20) 

• a read transfer of 8 bytes into the data buffer (Start = 0, IdByteEnable = 0, RdWrEnable = i, 
RdWrSense = 1 , ReadNack = ft &qp = 0, TxRxByteCount = 8) 

• a complete read transaction of 1 6 bytes (Sfarf = 1 , IdByteEnable = 1 , RdWrEnable « 1 , RdWrSense = I , 
ReadNack = I, Stop = 1, Affiyte contains primary id byte, TxRxByteCount - 16), etc. 

The CPU can thus program the number of bytes to be transmitted or received (up to a maximum of 20) on 
the LSS bus before it gets interrupted This allows it to insert arbitrary delays in a transfer at a byte bound- 
ary. For example the CPU may want to transmit 30 bytes to a QA chip but insert a delay between the 20 th 
and 21 st bytes sent It does this by first writing 20 bytes to the data buffer. It then writes a command to gen- 
erate a START condition, send the primary id byte and then transmit the 20 bytes from the data buffer. 
When interrupted by the LSS block to indicate successful completion of the command the CPU can then 
write the re m ai nin g 10 bytes to the data buffer. It can then wait for a defined period of time before writing 
a command to transmit the 10 bytes from the data buffer and generate a STOP condition to terminate the 
transaction over the LSS bus. 

An interrupt to the CPU is generated for one cycle when any bit in LssNIntStatus is set. The CPU can read 
LssNIntStatus to discover the source of the interrupt and can clear a bit in LssNIntStatus by writing a 1 to 
the corresponding bit in LssNIntStatus register. Alternatively the CPU can start a new command which 
will automatically reset all LssNIntStatus bits. 

Table 63. LSS command register description 



0 


Start 


When 1 , issue a START condition on the LSS bus. 


1 


IdByteEnatte 


ID byte transmit enable: 

1 - transmit byte in tdByte field 

0 - ignore byte in tdByte field 


2 


RdWrEnable 


Read/write transfer enable: 

0 - ignore settings of RdWrSense, ReadNack and TxRxByteCount 

1 - if RdWrSense is 0. then perform a write transfer of TxRxByteCount bytes from the 

data buffer. 

if RdWrSense is 1 , then perform a read transfer of TxRxByteCount bytes into the 
data buffer. Each byte should be acknowledged and the last byte received is 
ackrwwl edged/not-acknowledged according to the setting of ReadNack. 


3 


RdWrSense 


Read/write sense indicator: 
0- write 
1 - read 


4 


ReadNack 


Indicates, for a read transfer, whether to issue an acknowledge or a not-acknowledge 
after the last byte received (indicated by TxRxByteCount), 

0 - issue acknowledge after last byte received 

1 ■ issue not-acknowledge after last byte received. 


5 


Stop 


When 1 . issue a STOP condition on the LSS bus. 


7:6 


reserved 


Must be 0 


15:8 


IdByte 


Byte to be transmitted if tdByteEnabie is 1 . Bit 8 corresponds to the LSB. 


20:16 : 


TxRxByteCount 


Number of bytes to be transmitted from the data buffer or the number of bytes to be 
received into the data buffer. The maximum value that should be programmed is 20, as 
the size of the data buffer is 20 bytes. 



The data buffer is implemented in the LSS master block. When the CPU writes to the LssNBuffer registers 
the data written is presented to the LSS master block via the IssNJmfferjwrdata bus and configuration 
registers block pulses the lssNJbuffer_wen bit corresponding to the register written. For example if LssN- 
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Buffer[2] is written to bsN_buffer_wen[2] will be pulsed When the CPU reads the LssNBuffer registers 
the configuration registers block reflect the lssNJ>ufferjrdata bus back to the CPU. 

19.3.3 LSS master unit 

The LSS master unit is instantiated for both LSS bus 0 and LSS bus 1. It controls transactions on the LSS 
bus by means of the state machine shown in Figure 65, which interprets the commands that are written by 
the CPU. It also contains a single 20 byte data buffer used for transmitting and receiving data. 

The CPU can write data to be transmitted on the LSS bus by writing to the LssNBuffer registers.. It can also 
read data that the LSS master unit receives on the LSS bus by reading the same registers. The LSS master 
always transmits or receives bytes to or from the data buffer in. the same order. For example a transmit 
command 

For a transmit command, LssNBuffer [OJ [7:0] gets transmitted first, then LssNBuffer [0] [15:8]. LssNBuf- 
fer [0] [23: 16], LssNBuffer [0] [31:24], LssNBuffer [1] [7:0] and so on until TxRxByteCount number of 
bytes are transmitted. A receive command fills data to the buffer in the same order. Each new command the 
buffer start point is reset. 

All state machine outputs, flags and counters are cleared on reset After a reset the state machine remains 
in the Idle state until lss_cmd_valid equals 1. If the Start bit of the command is 0 the state machine pro- 
ceeds directly to the CheckldByte Enable state. If the Start bit is 1 it proceeds to the GenerateStart state 
and issues a START condition on the LSS bus. 

In the CheclddByteEnable state, if the IdByteEnable bit of the command is 0 the state machine proceeds 
directly to the CheckRdWrEnable state. If the IdByteEnable bit is 1 the state machine enters the Sendld- 
Byte state and the byte in the IdByte field of the command is transmitted on the LSS. The WaitForldAck 
state is then entered. If the byte is acknowledged, the state machine proceeds to the CheckRdWrEnable 
state. If the byte is not-acknowledged, the state machine proceeds to the Generatelnterrupt state and issues 
an interrupt to indicate a not-acknowledge was received after transmission of the primary id byte. 

In the CheckRdWrEnable state, if the RdWrEnable bit of the command is 0 the state machine proceeds 
directly to the CheckStop state. If the RdWrEnable bit is 1 , count is loaded with the value of the TxRxByte- 
Count field of the command and the state machine enters either the ReceiveByte state if the RdWrSense bit 
of the command is 1 or the TransmitByte state if the RdWrSense bit is 0. 

For a write transaction, the state machine keeps transmitting bytes from the data buffer, decrementing 
count after each byte transmitted, until count is 1. If all the bytes are successfully transmitted the state 
machine proceeds to the CheckStop state. If the slave QA chip not-acknowledges a transmitted byte, the 
state machine indicates this error by issuing an interrupt to the CPU and then entering the Generatelnter- 
rupt state. 

For a read transaction, the state machine keeps receiving bytes into the data buffer, decrementing count 
after each byte transmitted, until count is 1. After each byte received the LSS master must issue an 
acknowledge. After the last expected byte (i.e. when count is 1) the state machine checks the ReadNack bit 
of the command to see whether it must issue an acknowledge or not-acknowledge for that byte. The 
CheckStop state is then entered. 

In the CheckStop state, if the Stop bit of the command is 0 the state machine proceeds directly to the Gen- 
eratelnterrupt state. If the Stop bit is 1 it proceeds to the GenerateStop state and issues a STOP condition 
on the LSS bus before proceeding to the Generatelnterrupt state. In both cases an interrupt is issued to 
indicate successful completion of the command. 

The state machine then enters the Idle state to await the next command. 

The CPU may abort the current transfer at any time by performing a write to the Reset register of the LSS 
block. 
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19.3.3. 1 START and STOP generation 

START and STOP conditions, which signal the beginning and end of data transmission, occur when the 
LSS master generates a falling and rising edge respectively on the data while the clock is high. 



In the GenerateStart stale, lss_gpio_clk is held high with lss_gpio_e remaining deasserted (so the data line 
is pulled high externally) for LssClockHighPeriod pclk cycles. Then lss_gpioje is asserted and 
lss_gpio_do is pulled low (to drive a 0 on the data line, creating a falling edge) with Iss _gpio_clk remain- 
ing high for another LssClockHighPeriod pclk cycles. 

In the GenerateStop state, both lss_gpio_clk and Iss^gpiojdo are pulled low followed by the assertion of 
lss_gpio_e to drive a 0 while the clock is low. After LssClockLowPeriod pclk cycles, Iss _gpio__clk is set 
high. After a further LssClockHighPeriod pclk cycles, bs_gpio_e is deasserted to release the data bus and 
create a rising edge on the data bus during the high period of the clock. 



The LSS master holds lss__gpio_clk high while the LSS bus is inactive. A clock pulse is generated for each 
bit transmitted or received over the LSS bus. It is generated by first holding bs ^pio_clk low for LssClock- 
LowPeriod pclk cycles, and then high for LssClockHighPeriod pclk cycles. 



The input data, gpiojssjdi, is first synchronised to the pclk domain by means of two flip-flops clocked by 
pclk The LSS master generates a clock pulse for each bit received. The output bs_gpio_e is deasserted on 
the falling edge of lss_gpio_clk to release the data bus. The value on the synchronised gpio_bs_di is sam- 
pled on the rising edge of lss_gpio_clk (the data should be averaged over a further 3 stage register to avoid 
possible glitch detection). The data is only considered as a valid bit at the next falling edge of Iss _gpio_clk 
provided a START or STOP is not generated in the meantime. 

In the ReceiveByte state, the state machine generates 8 clock pulses. On each rising edge of Iss _gpio_clk 
the synchronised gpioJss_di is sampled. The first bit sampled is LssNBuffer[0][7] 9 the second LssNBuf- 
fer[0J[6J % etc to LssNBufferfOJfOJ. For each byte received the state machine either sends an NAK or an 
ACK depending on the command configuration and the number of bytes received. 

In the SendNack state the stale machine generates a single clock pulse. bs_gpio__e is deasserted and the 
LSS data line is pulled high externally to issue a not-acknowledge. 

In the SendAck state the state machine generates a single clock pulse. Iss _gpio_e is asserted and a 0 driven 
on lss^gpio_do after bs_gpio_jclk falling edge to issue an acknowledge. 



19.3.3.4 Data transmission 

The LSS master generates a clock pulse for each bit transmitted. Data is output on the LSS bus on the fall- 
ing edge of Iss __gpio_clk 



When the LSS master drives a logical zero on the bus it will assert bs_gpio_e and drive a 0 on lss_gpio_do 
after bs_gpiojclk falling edge. bs^gpio^e will remain asserted and Iss _gpio_do will remain low until the 
next lss_j;lk falling edge. 

When the LSS master drives a logical one Iss __gpio_e should be deasserted at lss^gpio_clk falling edge and 
remain deasserted at least until the next bs_gpio_clk falling edge. This is because the LSS bus will be 
externally pulled up to logical one via a pull-up resistor. 

In the Sendld byte state, the state machine generates 8 clock pulses to transmit the byte in the IdByte field 
of the current valid command. On each falling edge of bs^gpio^clk a bit is driven on the data bus as out- 
lined above. On the first falling edge IdByte[7] is driven on the data bus, on the second falling edge 
IdByte [6] is driven out, etc. 



19.3.3.2 Clock pulse generation 



19.3.3.3 Data reception 
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In the TransmitByte state, the state machine generates 8 clock pulses to transmit the byte at the output of 
the transmit FIFO. On each falling edge of lss^gpio_clk a bit is driven on the data bus as outlined above. 
On the first falling edge LssNBufferfOJ [7] is driven on the data bus, on the second falling edge LssNBuf- 
ferfOJ [6J is driven out, etc on to LssNBufferfOJ [7] bits. 

In the WaitForAck state, the state machine generates a single clock pulse. On the rising edge of 
lss_gpio_clk the synchronized gpioJss_di is sampled. A 1 indicates an acknowledge and ack_detect is 
pulsed, a 0 indicates a not-acknowledge and nackjietect is pulsed. 



The CPU can control the data rate by setting the clock period of the LSS bus clock by programming appro- 
priate values in LssClockHighPeriod and LssClockLowPeriod, The default setting for both registers is 200 
(pclk cycles) which corresponds to transmission rate of 400kHz on the LSS bus. 



1 9.3.3.5 Data rate control 
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State machine outputs, Iss _fcu _irq and 
LssStatusSet are zero unless otherwise 
indicated. 



Reset OR orst n ~= ft 




Figure 65. LSS master state machine 
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DRAM Subsystem 
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20 DRAM Interface Unit (DIU) 



20.1 



Overview 



Figure 66 shows how the DIU provides the interface between the on-chip 20 Mbit embedded DRAM and 
the rest of SoPEC. In addition to outlining the functionality of the DIU, this chapter provides a top-level 
overview of the memory storage and access patterns of SoPEC and the buffering required in the various 
SoPEC blocks to support those access requirements. 

The main functionality of the DIU is to arbitrate between requests for access to the embedded DRAM and 
provide read or write accesses to the requesters. The DIU must also implement the initialisation sequence 
and refresh logic for the embedded DRAM. 

The arbitration mechanism is a hierarchical timeslot mechanism providing guaranteed bandwidth and 
latency to each DIU requester, with unused slots re-allocated to provide best effort accesses. The arbitra- 
tion scheme is fully programmable. 

The interface between the DIU and the SoPEC requesters is similar to the interface on PEC1 i.e. separate 
control, read data and write data busses. 

The embedded DRAM is used principally to store: 

• CPU program code and data. 

• PEP (re)prograrnming commands. 

• Compressed pages containing contone, bi-level and raw tag data and header information. 

• Decompressed contone and bi-level data. 

• Dotline store during a print. 

• Print setup information such as tag format structures, dither matrices and dead nozzle information. 
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CPU sub-system 
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20.2 IBM Cu-1 1 Embedded DRAM 

20.2.1 Single bank 

SoPEC will use the 1.5 V core voltage option in IBM's 0.13 jun class Cu-1 1 process. 

. The random read/write cycle time and the refresh cycle time is 3 cycles at 160 MHz [16]. An open page 
access will complete in 1 cycle if the page mode select signal is clocked at 320 MHz or 2 cycles if the page 
mode select signal is clocked every 160 MHz cycle. The page mode select signal will be clocked at 320 
MHz in SoPEC. The DRAM word size is 256 bits. 

Most SoPEC requesters will make single 256 bit DRAM accesses (see Section 20.4). These accesses will 
take 3 cycles as they are random accesses i.e. they will most likely be to a different memory row than the 
previous access. 

The entire 20 Mbit DRAM will be implemented as a single memory bank. In Cu-1 1, the maximum single 
instance size is 16 Mbit. The first 1 Mbit tile of each instance contains an area overhead so the cheapest 
solution in terms of area is to have only 2 instances. 16 Mbit and 4Mbit instances would together consume 
an area of 14.63 mm 2 as would 2 times 10 Mbit instances. 4 times 5 Mbit instances would require 17.2 
mm 2 . 

The instance size will determine the frequency of refresh. Each refresh requires 3 clock cycles. In Cu-1 1 
each row consists of 8 columns of 256-bit words. This means that 1 6 Mbit requires 8 1 92 rows. A complete 
DRAM refresh is required every 3.2 ms. This would mean a row would have to be refreshed every 62 
cycles. Two times 10 Mbit instances would require a refresh every 100 clock cycles, if the instances are 
refreshed in parallel. Having 4 times 5 Mbit instances means a refresh is required only every 200 cycles. 

The SoPEC DRAM will be constructed as two 10 Mbit instances implemented as a single memory bank. 
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20.3 SoPEC Memory Usage Requirements 

The memory usage requirements for the embedded DRAM are shown in Table 64. 



Table 64. Memory Usage Requirements 





mesa/mm 




Compressed page store 


2048 Kbytes 


Compressed data page store for BMevel 
and contone data 


Decompressed Contone 
Store 


108 Kbyte 


1 3824 lines with scale factor 6 = 2304 pixels, 
store 12 lines, 4 colors = 108 kB 
13824 lines with scale factor S = 2765 pixels, 
store 12 tines, 4 colors = 130 kB 


Spot line store 


5 1 Kbvto 


1 3824 dots/line so 3 lines is 5.1 kB 


Tag Format Structure 


55 Kbyte (384 dot One tags © 
1600 dpi) 

1 2 Kbyte (2.5 mm tags © 800 
dpi) 


55 kB in for 384 dot line tags 

2.5 mm tags (1/101h inch) @ 1600 dpi require 

160 dot lines = 160/384 x55 or y\ IrR 

2.5 mm tags © 800 dpi require 80/384 x55 = 

12kB 


Dither Matrix store 


4 Kbytes 


64x64 dither matrix is 4 kB 
128x128 dither matrix is 16 kB 
256x256 dither matrix is 64 kB 


DNC Dead Nozzle Tabfe 


1.4 Kbytes 


Delta encoded. (10 bit delta position + 6 dead 
nozzle mask) x% Dnozzle 
5% dead nozzfes requires (10+6)x 692 Dnoz- 
zles = 1.4 Kbytes 


Dot-fine store 


319 Kbytes 


Assume each color row is separated by 5 dot 
lines on the print head 
The dot line store will be 0+5+10... 50+55 = 
330 half dot lines + 48 extra half dot Ones (4 
per dot row) = 378 halt dot lines « 31 9 Kbytes 


PCU Program code 


8 Kbytes 


1024 commands of 64 bits = 8 kB 


CPU 


64 Kbytes 


Program code and data 


TOTAL 


2570 Kbytes (1 2 Kbyte TFS 
storage) 

2613 Kbytes (55 Kbyte TFS) 





Note: 

• Total storage of 2570 Kbytes will be reduced to 2560 Kbytes to align to 20 Mbit DRAM. 
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20.4 SoPEC Memory Access Patterns 

Table 65 shows a summary of the blocks on SoPEC requiring access to the embedded DRAM and their 
individual memory access patterns. Most blocks will access the DRAM in single 256-bit accesses. All 
accesses must be padded to 256-bits except for 64-bit CDU write accesses and CPU write accesses. Bits 
which should not be written are masked using the individual DRAM bit write inputs or byte write inputs, 
depending on the foundry. Using single 256-bit accesses means that the buffering required in the SoPEC 
DRAM requesters will be minimized. 



Table 6$. Memory access patterns of SoPEC DRAM Requesters 









CPU 


R 


Single 256-bit reads. 


W 


Single 32-bll, 16-bit or 8-bit writes. 


SC8 


W 


Single 256-bit writes. 


CDU 


R 


Single 256-bit reads of the compressed contone data. 


W 


Each CDU access is a write to 4 consecutive DRAM words in the same row 
but only 64 bits of each word are written with the remaining bits write 
masked. 

The access time for this 4 word page mode burst is 3 + 1 + 1 +1 = 6 cycles 
if the page mode select signal is clocked at 320 MHz. 


CFU 


R 


Single 256 bit reads. 


LBD 


R 


Single 256 bit reads. 


SFU 


R 


Separate single 256 bit reads for previous and current line but sharing the 
same DIU interface 


W 


Single 256 bit writes. 


TE(TD) 


R 


Single 256 bit reads. Each read returns 2 times 128 bit tags. 


TE(TFS) 


R 


Single 256 bit reads. TFS is 1 36 bytes. This means there is unused data in 
the fifth 256 bit read. A total of 5 reads is required. 


HCU 


R 


Single 256 bit reads. 1 28 x 128 dither matrix requires 4 reads per line with 
double buffering. 256 x 256 dither matrix requires 8 reads at the end of the 
line with single buffering. 

Dither matrices have start address, end address and line advance In ere- 
ment j 


DNC 


R i 


Single 256 bit dead nozzle table reads. Each dead nozzle table read con- 
tains 16 dead-nozzle tables entries each of 10 delta bits plus 6 dead nozzle 
mask bits. 


owu 


W 


Single 256 bit writes since enable/disable DRAM access per color plane. 


LLU 


R ! 


Single 256 bit reads since enable/disable DRAM access per color plane. 


PCU ' 


R 


Single 256 bit reads. Each PCU command is 64 bits so each 256 bit word 
can contain 4 PCU commands. 

PCU reads from DRAM used for reprogramming PEP should be executed 
with minimum latency. 

If this occurs between pages then there will be free bandwidth as most of 
the other SoPEC Units will not be requesting from ORAM. If this occurs 
between bands then the LDB, CDU and TE bandwidth will be free. So the 
PCU should have a high priority to access to any spare bandwidth. 


Refresh 




Single refresh. 
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20.5 Buffering Required in SoPEC dram Requesters 

If each DIU access is a single 256-bit access then we need to provide a 256-bit double buffer in the DRAM 
requester. If the DRAM requester has a 64-bit interface then this can be implemented as an 8 x 64-bit 
FIFO. 



Table 66. Buffer sizes In SoPEC DRAM requesters 



DRAM 
Requester 


Direction 


Access patterns 


Buffering required in 
| block 


CPU 


R 


Single 256-bit reads. 


Cache. 


W 


Single 32-bit writes but allowing 16-bit or byte 
addressable writes. 


None. 


SC6 


W 


Single 256-bit writes. 


Double 
256-bit buffer. 


CDU 


R 


Single 256-bit reads of the compressed contone 
data. 


Double 256-bit buffer. 


w 


Each CDU access is a write to 4 consecutive DRAM 
words in the same row but only 64 bits of each word 
are written with the remaining bits write masked. 


Double heff JPEG block 
buffer. 


CPU 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


LBD 


R 


SLnale 256 bit reads. 


Double 256-bit buffer 

l/wUWC Cu\Tvll UUUOI. 


SFU 


R 


Separate single 256 bit reads for previous and cur- 
rent line but sharing the same DIU interface 


Double 256-bit buffer for 
each read channel. 


W 


Single 256 bit writes. 


Double 256-bit buffer. 


TE(TD) 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


TECTPS) 


R 


Single 256 bit reads. TPS Is 136 bytes. This means 
there is unused data in the fifth 256 bit read. A total 
of 5 reads is required. 


Double line-buffer for 136 
bytes implemented In TE. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix 
requires 4 reads per line with double buffering. 256 x 
256 dither matrix requires 8 reads at the end of the 
fine with single buffering. 


Configurable between dou- 
ble 128 byte buffer and 
single 256 byte buffer. 


DNC 


R 


Single 256 bit reads 


Double 256-bit buffer. 
Deeper buffering could be 
specified to cope with local 
clusters of dead nozzles. 


DWU | 


W 


Single 256 bit writes per enabled odd/even color 
plane. 


Double 256-bit buffer per 
color plane. 


. LLU 


R 


Single 256 bit reads per enabled odd/even color 
plane. 


Double 256-bit buffer per 
color plane. 


PCU 


R 


Single 256 bit reads. Each PCU command is 64 bits 
so each 256 bit DRAM read can contain 4 PCU com- 
mands. Requested command is read from DRAM 
together with the next 3 contiguous 64-bits which are 
cached to avoid unnecessary DRAM reads. 


Single 256-bit buffer. 


Refresh 




Single refresh. 


None. 
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20.6 SoPEC DIU Bandwidth Requirements 



Table 67: SoPEC DIU Bandwidth Requirements 





































CPU 


R 












W 










SCB 


W 


780 2 


0.328 


0.328 


0.5 


CDU 




1 28 f SF == 4^ 288 f SF - 
6) f 1:1 compression 3 


32/n 2 /SF— nl 
0.9 (SF = 6), 
2(SF»4) 
(1:1 compression) 


32/10*n 2 (SF=n), 
0.09 (SF = 6), 
0.2 (SF sr 4) 
(10:1 compression) 4 


1 (SF=6) 
2(SF=4) 




W 


For individual accesses: 
16 cycles (SF = 4), 36 
cycles (SF = 6). recycles 
(SF=n). 

WIH be implemented as a 
page mode burst of 4 
accesses every 64 cycles 
<SF = 4), 144(SF =6). 
4*n 2 /SF =nl cvcle*; 5 


64/n 2 (SF=n), 
1.8 (SF = 6), 
4 (SF = 4) 


32/n 2 (SF=n). 
0.9 (SF = 6), 
2 (SF = 4) 6 


2 (SF=6) 
4 (SF=4) 


CFU 


R 


32(SF = 4).48(SF = 6) 7 


32/n (SF=n), 
5.4 (SF = 6). 
8(SF = 4) 


32/n (SF=n), 
5.4 (SF e 6). 
8(SF«,4) 


5.5 (SF=6) 
8(SF=4) 


LBD 


R 


256 (1:1 compression) 8 


1 (1:1 compression) 


0.1 (10:1 compression) 9 


1 


SFU 


R 


128 10 


2 


2 


2 




W 


256" 


1 


1 


1 


TE(TD) 


R 


252 12 


1.02 


1.02 


1.25 


TE(TFS) 


R 


5 reads per line 13 


0.093 


0.093 


0.25 


HCU 


R 


4 reads per line for 128 x 
128 dither matrix 14 


0.074 


0.074 


0.25 


DNC . 


R 


106 (5% dead-nozzles 
10-bit delta encoded) 15 


2.4 (dump of dead 
nozzles) 


0.8 (equally spaced 
dead nozzles) 


2.5 


DWU 


W 


6 writes every 256 16 


6 


6 


6 


LLU 


R 


8 reads every 256 17 


8 


6 


8 


PCU 


R 


256 18 


1 


1 


1 


Refresh 




10O 19 


2.56 


2.56 


2.75 


TOTAL 






SF « 6: 34 
SF = 4: 39.5 
excluding CPU 


SF = 6: 27.5 
SF =5 4: 31.2 
excluding CPU 


SF = 6: 35 
excluding CPU. 
SF= 4: 40.5 
excluding CPU 



Notes: 



1 : The number of allocated timeslots is based on 64 timeslots each of I bit/cycle but broken down to a granularity of 
0.25 bit/cycle. 

2: 50 Mbit/s is 0.328 bits/cycle or 256 bits every 780 cycles. 

3: At 1 :1 compression CDU must read a 4 color pixel (32 bits) every SF 2 cycles. 
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4: At I0:l«average compression CDU must read a 4 color pixel (32 bits) every 10*SF 2 cycles. 
5: 4 color pixel (32 bits) is required, on average, by the CFU every SF 2 (scale factor) cycles. 

The time available to write the data is a function of the size of the buffer in DRAM. 1.5 buffering means 4 color pixel 
(32 bits) must be written every SF 2 / 2 (scale factor) cycles. Therefore, at a scale factor of SF, 64 bits are required 
every SF 2 cycles. 

Since 64 valid bits are written per 256-bit write (Figure 104 on page 282) then the DRAM is accessed every SF 2 
cycles i.e. at SF4 an access every 16 cycles, at SF6 an access every 36 cycles. 

If a page mode burst of 4 accesses is used then each access takes (3 + 1 + 1+1) equals 6 cycles. This means at SF, a set 

of 4 back-to-back accesses must occur every 4*SF 2 cycles. This assumes the page mode select signal is clocked at 320 

MHz. CDU timeslots therefore take 6 cycles. 

For scale factors lower than 4 double buffering will be used. 

6: The average bandwidth 1/2 the peak bandwidth in the case of 1 .5 buffering. 

7: 4 color pixel (32 bits) read by CFU every SF cycles. At SF4, 32 bits is required every 4 cycles or 256 bits every 32 

cycles. At SF6, 32bits every 6 cycles or 256 bits every 48 cycles. 

8: At 1 :1 compression require 1 bit/cycle or 256 bits every 256 cycles. 

9: The average bandwidth required at 10:1 compression is 0.1 bits/cycle. 

10: Two separate reads of 1 bit/cycle. 

11: Write at 1 bit/cycle. 

12: Each tag can be consumed in at most 126 dot cycles and requires 128 bits. This is a maximum rate of 256 bits 
every 252 cycles. 

13: 17 x 64 bit reads per line in PEC1 is 5 x 256 bit reads per line in SoPEC. Double-line buffered storage. 
14: 128 bytes read per line is 4 x 256 bit reads per line. Double-line buffered storage. 

15: 5% dead nozzles 10-bit delta encoded stored with 6-bit dead nozzle mask requires 0.8 bits/cycle read access or a 
256-bit access every 320 cycles. This assumes the dead nozzles are evenly spaced out. In practice dead nozzles are 
likely to be clumped. Peak bandwidth is estimated as 3 times average bandwidth. 
16: 6 bits/cycle requires 6 x 256 bit writes every 256 cycles. 

17: 6 bits/160 MHz SoPEC cycle average but will peak at 2 x 6 bits per 106 MHz print head cycle or 8 bits/ SoPEC 
cycle. The PHI can equalise the DRAM access rate over the line so that the peak rate equals the average rate of 8 bits/ 
cycle. 

1 8: Assume one 256 read per 256 cycles is sufficient i.e. maximum latency of 256 cycles per access is allowable. 
19: As an example assume refresh must occur every 3.2 ms. Refresh occurs row at a time over 5120 rows of 2 parallel 
10 Mbit instances. Each refresh takes 3 cycles. This is equivalent to a timeslot every 100 cycles. 
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20.7 DIU BUS TOPOLOGY 
20.7.1 Basic topology 



Table 68. SoPEC DIU Requesters 







CPU 


CPU 


Refresh 


CDU 


SCB 




CFU 


CDU 




LBD 


SFU 




SFU 


DWU 




TE(TD) 






TE(TFS) 






HCU 






DNC 






LLU 






PCU 







Table 68 shows the DIU requesters in SoPEC. There are 1 1 read requesters and 5 write requesters in 
SoPEC as compared with 8 read requesters and 4 write requesters in PEC1. Refresh is an additional 
requester. 

In PEC1 , the interface between the DIU and the DIU requesters had the following main features: 

• separate control and address signals per DIU requester multiplexed in the DIU according to the arbitra- 
tion scheme, 

• separate 64-bit write data bus for each DRAM write requester multiplexed in the DIU, 

• common 64-bit read bus from the DIU with separate enables to each DIU read requester. 

Timing closure for this bussing scheme was straight-forward in PEC1. This suggests that a similar scheme 
will also achieve timing closure in SoPEC. SoPEC has 5 more DRAM requesters but it will be in a 0. 1 3 
um process with more metal layers and SoPEC will run at approximately the same speed as PECl . 

Using 256-bit busses would match the data width of the embedded DRAM but such large busses may 
result in an increase in size of the DIU and the entire SoPEC chip. The SoPEC requestors would require 
double 256-bit wide buffers to match the 256-bit busses. These buffers, which must be implemented in 
flip-flops, are less area efficient than 8-deep 64-bit wide register arrays which can be used with 64-bit bus- 
ses. SoPEC will therefore use 64-bit data busses. Use of 256-bit busses would however simplify the DIU 
implementation as local buffering of 256-bit DRAM data would not be required within the DIU. 

20.7.1.1 CPU DRAM access 

The CPU is the only DIU requestor for which access latency is critical. All DIU write requesters transfer 
write data to the DIU using separate point-to-point busses. The CPU will use the cpu_dataout[3 1 :0] bus. 
CPU reads will not be over the shared 64-bit read bus. Instead, CPU reads will use a separate 256-bit read 
bus. 

20.7.2 Making more efficient use of DRAM bandwidth 

The embedded DRAM is 256-bits wide. The 4 cycles it takes to transfer the 256-bits over the 64-bit data 
busses of SoPEC means that effectively each access will be at least 4 cycles long. It takes only 3 cycles to 
actually do a 256-bit random DRAM access in the case of IBM DRAM. 
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20. 7.2. 1 Common read bus 



If we have a common read data bus, as in PEC1, then if we are doing back to back read accesses the next 
DRAM read cannot start until the read data bus is free. So each DRAM read access can occur only every 4 
cycles. This is shown in Figure 67 with the actual DRAM access taking 3 cycles leaving 1 unused cycle 
per access. 



pclk| 

diu_data(63:0] £ 



rreq(n+l) 
rreq(n+2) " 



rack(n+3) 



rreq(n+3) 

rack(n+l) | ^ 

rack(n+2) 



access n 



access 



n+1 | access n+2 



unused 
cycle 



access 



unused 
cycle 



access 



unused 
cycle 
W — ► 



J — L 



J L 



Figure 67. Shared read bus with 3 cycle random DRAM read accesses 



20.7.2.2 Interleaving CPU and non-CPU read accesses 

The CPU has a separate 256-bit read bus. All other read accesses are 256-bit accesses are over a shared 64- 
bit read bus. Interleaving CPU and non-CPU read accesses means the effective duration of an interleaved 
access timeslot is the DRAM access time (3 cycles) rather than 4 cycles. Interleaving is achieved by order- 
ing the DIU arbitration slot allocation appropriately. 

Figure 68 shows interleaved CPU and non-CPU read accesses. 
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Figure 68. Interleaving CPU and non-CPU read accesses 



20.7.2.3 interleaving read and write accesses 

Having separate write data busses means write accesses can be interleaved with each other and with read 
accesses. So now the effective duration of an interleaved access timeslot is the DRAM access time (3 
cycles) rather than 4 cycles. Interleaving is achieved by ordering the DIU arbitration slot allocation appro- 
priately. 

Figure 69 shows interleaved read and write accesses. Figure 70 shows interleaved write accesses. 



** jrji_ri|TJ - un_p_rTJT-j^^ 




Figure 69. Interleaving read and write accesses with 3 cycle random DRAM accesses 



Write data still takes 4 cycles to transmit over 64-bit busses so 256-bit buffers are required in the DIU to 
gather the write data from the requesters. 
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Figure 70. Interleaving write accesses with 3 cycle random DRAM accesses 



20.7.3 BmrwieUhs y 

Table 69. SoPEC DIU Requesters Data Bus Width 



CPU 


256 (separata) 


CPU 


32 (OPEN ISSUE) 


cou 


64 (shared) 


SCB 


64 


CFU 


64 (shared) 


CDU 


64 


LBO 


64 (shared) 


SFU 


64 


SFU 


64 (shared) 


DWU 


64 


TECTD) 


64 (shared) 






TEfTFS) 


64 (shared) 






HCU 


64 (shared) 






DNC 


64 (shared) 






LLU 


64 (shared) 






PCU 


64 (shared) 







20.7.4 Conclusions 

Reads and writes can be interleaved with a separate 256-bit read bus for the CPU for minimum latency 
DIU access. Interleaving can be performed by inserting write accesses or CPU accesses between shared 
read bus accesses. The interleaving is achieved by ordering the DIU arbitration slot allocation appropri- 
ately. 
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20.8 



SOPEC DRAM ADDRESSING SCHEME 



The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbit of DRAM. 

Most blocks read or write 256 bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required 

• CPU writes can be 8, 16 or 32-bits. The cpu_diujwmask[l:0] pins indicate whether to write 8, 16 or 32 
bits. 

All DIU accesses must be within the same 256-bit aligned DRAM word 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 207 



SoPEC : Hardware Design 



20.9 DIU Protocols 

The DIU protocols are 

• pipelined i.e the following transaction is initiated while the previous transfer is in progress. 

• split transaction i.e. the transaction is split into independent address and data transfers. 

20.9.1 Read Protocol except CPU 

The SoPEC read requestors, except for the CPU, perform single 256-bit read accesses with the read data 
being transferred from the DIU in 4 consecutive cycles over a shared 64-bit read bus, diu_data[63:0J. The 
read address <unit>_diu_radr[2I:5] is 256-bit aligned. 

The read protocol is: 

• <unit>_diu_rreq is asserted along with a valid <unit>_diu jradr[21:5], 

• The DIU acknowledges the request with diu_<unit>_rack The request should be deasserted The min- 
imum number of cycles between <unit>_diu_rreq being asserted and the DIU generating an 
diu_<unit>_rack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• The read data is returned on diu_data[63:0] and its validity is indicated by diu_<umt>_rva!id. 

• When four diu_<unit>_rvalid pulses have been received then if there is a further request 
<unit>_diu_rreq should be asserted again. diu_<unit>_rvalid will be always be asserted by the DIU 
for four consecrative cycles. The first diu_<unit>_rvalid pulse will occur 3 cycles after 
diu_<unit>_raek (1 cycle to transfer the address to the DRAM, 2 cycles for the read data to be 
returned from the DRAM). 



pclk 

<unit>_diu_rreq 
diu_<unit>_rack 



J L 



<unit>_diu_radr[2 1 :5] | | 
diu_<unit>_rvalid 
diu_data[63:0] 1 



TT 



3 I 4 | 1 



Figure 71. Read protocol for a SoPEC Unit making a single 256-bit access 



20.9.2 Read Protocol for CPU 

The CPU performs single 256-bit read accesses with the read data being transferred from the DIU over a 
dedicated 256-bit read bus for DRAM data, dram_cpu_data[255:0]. The read address cpu_adr[21:5] is 
256-bit aligned. 

The CPU DIU read protocol is: 

• cpu_diu_rreq is asserted along with a valid cpu_adr[21:5J, 
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The DIU acknowledges the request with diu_cpu_rack. The request should be deasserted. The mini- 
mum number of cycles between cpujdiu_rreq being asserted and the DIU generating a cpu_jdiu_rack 
strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see Section 
20.13.6). 

The read data is returned on dram_cpu_data[255:0] and its validity is indicated by diu_cpu_rvalid. 
When the diu_cpujrvalid pulse has been received then if there is a further request cpujtiu_rreq should 
be asserted again. The diu_cpu_rvalid pulse will occur 3 cycles after rack (i cycle to transfer the 
address to the DRAM, 2 cycles for the read data to be returned from the DRAM). 



pclk J | | 

cpu_diu_rreq j 

diu_cpu_rack 

cpu_adr(2l:5] ( | 

diu_cpu__rvalid 



dram_cpu_data[255:0] |~ 



Figure 72. Read protocol for a CPU making a single 256-bit access 



20.9.3 Write Protocol except CPU and COU 

The SoPEC write requestors, except for the CPU and CDU, perform single 256-bit write accesses with the 
write data being transferred to the DIU in 4 consecrative cycles, over dedicated point-to-point 64-bit write 
data busses. The write address <unit>_diu_wadr[2I:5] is 256-bit aligned 

The write protocol is: 

• <unit>_diu_wreq is asserted along with a valid <unit>_diu_wadr[21:5]. 

• The DIU acknowledges the request with diu_<unit>_wack. The request should be deasserted The 
minimum number of cycles between <unit>_diu_wreq being asserted and the DIU generating an 
diu_<unit>_yvack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20. 1 3.6). 

• In the clock cycles following wack the SoPEC Unit outputs the <unit>_diu_data[63:0] t asserting 
<unit>_diu_wvalid. Write data should be output as soon as possible after receiving the wack. Access- 
ing registers, register arrays or SRAMs may incur different delays. The first <unit>_diu_wvalid pulse 
can occur in the clock cycle after diu_<unit>_wact In the case of register array or SRAM access, the 
first <unit>_diu_wvalid pulse will occur 2 clock cycles after diu_<unit>_wack. 

• Once all the write data has been output then if there is a further request <unit>_diu__wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four 
<unit>_diu_wvalid pulses are not provided 
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Figure 73. Write Protocol shown for a SoPEC Unit making a single 256-bit access 



20.9.4 CPU Write Protocol 



The CPU performs single write which can be 8, 16 or 32-bits with the write data being transferred to the 
DIU over the cpu_dataout[3 1 ; 0] bus. The write address cpu_adr[2l:0] is byte aligned. 

The CPU write protocol is: 

• cpu_jdiu_wrt>q is asserted along with a valid cpu_adr[21:0] and a write mask cpu_diu__wmask[l:0] to 
indicate whether an 8 t 1 6 or 3 2-bit access is required. 

• The DIU acknowledges the request with diu_cpuj*tack The request should be deasserted. The mini- 
mum number of cycles between cpu_diu_wreq being asserted and the DIU generating an 
diu_cpu_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see 
Section 20 .1 3.6). 

• In the clock cycle following diu_cpu_yvack the CPU outputs the cpu_dataout[31:0] f asserting 
cpu^diujwvalid. Write data should be output as soon as possible after receiving the diu_cpu_wack 
The earliest the cpu_diu_wvalid pulse can occur is in the first clock cycle after diu_cpu_wacJL 

• Once the write data has been output then if there is a further request cpu_diu_wreq should be asserted 
again. 
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diu_cpu_wack 



cpu_dataout[31:0] 



cpu_diu_wvalid 



Figure 74, Write Protocol shown for a CPU making an 8, 16 or 32-bit access 



20.9.5 CDU Write Protocol 

The CPU performs four 64-bit writes to 4 contiguous 256-bit DRAM addresses with the first address spec- 
ified by cdu_diu_wadr[2l:3]. The write address cdu_jdiu_wadr{21:3Jis 64-bit aligned 

The write protocol is: 

• cdu_diu_wdata is asserted along with a valid cdu_diu_wadr[21:3], 

• The DIU acknowledges the request with diujcdujwack The request should be deasserted The mini- 
mum number of cycles between cdu_diu_wreq being asserted and the DIU generating an 
diu_cdu_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycles following wack the CDU outputs the cdu_diu_data[63:0], together with asserted 
cdu J jiiu_wvalid. Write data should be output as soon as possible after receiving the wack. Accessing 
registers, register arrays or SRAMs may incur different delays. The first cdu_diu_wvalid pulse can 
occur in the clock cycle after diu_cdu_wack In the case of register array or SRAM access, the first 
cdu_diu_wva!id pulse will occur 2 clock cycles after diu_cdu_wack 

• Once all the write data has been output then if there is a further request cdu_diu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four cpu^jdiu^wvalid 
pulses are not provided. 
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Figure 75. Write Protocol shown for CDU making four contiguous 64-bit accesses 
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20.10 DiU ARBITRATION MECHANISM 

The DIU will arbitrate access to the embedded DRAM. The arbitration scheme is outlined in the next sec- 
tions. 

20.10.1 Timesiot based arbitration scheme 

Table 67 summarised the bandwidth requirements of the SoPEC requestors to DRAM. If we allocate the 
DIU requestors in terms of peak bandwidth then we require 36 bits/cycle (at SF =6) and 42.5 bits/cycle (at 
SF = 4) for all the requestors except the CPU. 

A timesiot scheme is defined with 64 main timeslots. The number of used main timeslots is programmable 
between 0 and 64. 

Since DRAM read requestors, except for the CPU, are connected to the DIU via a 64-bit data bus each 
256-bit DRAM access requires 4 pclk cycles to transfer the read data over the shared read bus. The 
timesiot rotation period for 64 timeslots each of 4 pclk cycles is 256 pclk cycles or 1.6 us, assuming pclk is 
160 MHz. Each timesiot represents a 256-bit access every 256 pclk cycles or 1 bit/cycle. This is the granu- 
larity of the majority of DIU requestors bandwidth requirements in Table 67. 

The SoPEC DIU requesters can be represented using 5 bits (Table on page 229). Using 64 timeslots 
means that to allocate each timesiot to a requester a total of 64 times 5 configuration registers is required 
for the 64 main timeslots. 

Timesiot based arbitration works by having a pointer point to the current timesiot When re-arbitration. is 
signaled the arbitration pointer will advance to the next timesiot. If the SoPEC Unit assigned to the current 
timesiot is not requesting then the unused timesiot arbitration mechanism outlined in Section 20.10.4 is 
used to select the arbitration winner. 

The timesiot pointer advances when the DIU issues the next command to the DRAM. Each timesiot there- 
fore denotes a single access. The duration of the timesiot depends on the access. 

If the SoPEC Unit pointed to by the current timesiot pointer is not requesting then the slot will be allocated 
according to the mechanism described in Section 20.10.5. 



current timesiot 
pointer I 







n-l 


n 


n+I 









Figure 76. Timesiot based arbitration 

20.10.2 Separate read and write arbitration windows 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses, except for CPU writes, must be arbitrated 4 cycles in advance. The [to be included figure and 
explanation) shows why this is necessary. 
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Since write arbitration must occur 4 cycles in advance, and the minimum duration of a timeslot duration is 
3 cycles, the arbitration rules must be modified to initiate write accesses in advance.accordingly. There is 
a timeslot lookahead pointer shown in Figure 77 two timcslots in advance of the current timeslot pointer. . 



current timeslot 
pointer 



n+1 



timeslot lookahead 
pointer 



n+2 



Figure 77. Timeslot based arbitration with separate read and write pointers 

The following examples illustrate separate read and write timeslot arbitration. 
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Programmed timeslot order 
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Actual timeslot order 



write 
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Figure 78. Example (a), separate read and write arbitration 

In Figure 78 writes are arbitrated two time slots in advance. Reads are arbitrated in the same cycle Writes 
can be arbitrated in the same cycle as a read. During arbitration the command address of the arbitrated 
SoPEC Unit is captured. 

Other examples are shown in Figure 79, Figure 80 and Figure 81. The actual timelsot order is always the 
same as the programmed timeslot order i.e. out of order accesses do not occur and data coherency is never 
an issue. 

Each write must always incur a latency of two timeslots. If the first write occurs in the first timeslot then 
all following timeslots will incur a latency of two timeslots. This is shown in Figure 78 and Figure 79. If 
the first write occurs in the second timeslots then all following timeslots will incur a latency of two 
timeslots. This is shown in Figure 80. 
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Figure 79. Example (b), separate read and write arbitration 
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Figure 80. Example (c), separate read and write arbitration 
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Figure 81. Example (d), separate read and write arbitration 



Table 70 shows the 4 scenarios depending on whether the current timeslot and timeslot lookahead pointers 
point to read or write accesses. 

To be checked and updated: 

Table 70: Arbitration with separate windows for read and write accesses 









read 


write 


Initiate read transfer. 


Initiate write transfer. 


readl 


read2 


Initiate readl transfer. 


write 1 


write2 


In rt rate wrtte2 transfer. 


write 


read 


No action. 



If the current timeslot pointer points to a read access then this will be initiated immediately. 

If the timeslot lookahead pointer points to a write access then this access is initiated immediately, or 
immediately after the read access associated with the current timeslot pointer is initiated. 

When a write access is initiated the DIU will capture the write address and will do the DRAM write two 
tiemslots in advance when the associated write data has been transfered to the DIU. 

To be checked and updated: At initialisation, both pointers point to the first timeslot The lookahead 
pointer advances to the second timeslot and the third timeslot in successive clock cycles until it is two 
timeslots ahead of the current timeslot pointer. Then both pointers advance in tandem. At each step, the 
rules in Table 70 are obeyed. This leads to the behaviour shown in the exampes of Figure 78 to Figure 8 1 . 

CPU write accesses are excepted from the lookahead mechanism. 

Timing diagrams for these scenarios are shown in Section 20.13 Implementation. 
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If the selected SoPEC Unit is not requesting then there will be separate read and write selection for unused 
timeslots. This is described in Section 20.10.5. 



20.10.3 Arbitration of CPU accesses 



The CPU can be allocated timeslots like any other DIU requestor. If CPU accesses are interleaved between 
the shared read bus accesses then the DIU timeslots will take 3 cycles as shown in Section 20.7.2.2. The 
timeslot rotation will be faster than 256 pclk cycles. 

What distinguishes the CPU from other SoPEC requestors, is that the CPU requires minimum latency 
DRAM access i.e. preferably the CPU should get the next available timeslot whenever it requests. 

The minimum CPU read access latency is estimated in Table 7 1 . This is the time between the CPU making 
a request to the DIU and receiving the read data back from the DIU. This ignores any latency associated 
with the CPU's caching mechanism. 

Table 71. Estimated CPU read access latency ignoring caching 





mm 


register the CPU read 
request 


1 cycle 


complete the arbitra- 
tion of the request 


I cycle 


transfer the read 
address to the DRAM 


1 cycle 


DRAM read latency 


2 cycles 


register the read data 


1 cycle 


TOTAL 


6 cycles 



1 If the CPU, as is likely, requests DRAM access again immediately after receiving data from the DIU then 
the CPU can access every second timeslot. This assumes that interleaving is employed so that timeslots 
last 3 cycles. If the CPU access latency increases to 7 cycles then the CPU will only be able to access every 
third timeslot. 

If a cache hit occurs the CPU does not require DRAM access. For its next DIU access it will have to wait 
for its next assigned DIU slot. Cache hits therefore will reduce the number of DRAM accesses but not 
speed up any of those accesses. 

To avoid the CPU having to wait for its next timeslot it is desirable to have a mechanism for ensuring that 
the CPU always gets the next available timeslot without incurring any latency on the non-CPU timeslots. 

This can be done by defining each timeslot as consisting of a CPU access preceding a non-CPU access. 
Each timeslot will last 6 cycles i.e. a CPU access of 3 cycles and a non-CPU access of 3 cycles. This is 
exactly the interleaving behaviour outlined in Section 20.7.2.2. If the CPU does not require an access, the 
timeslot will take 3 or 4 and the timeslot rotation will go faster. A summary is given in Table 72. 

Table 72. Timesfot access times. 



CPU access + non-CPU access 


3 + 3 = 6 cycles 


Interleaved access 


non-CPU access 


4 cycles 


Access and preceding access both to shared 
read bus 
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Table 72. Tlmeslot access times. 











non-CPU access 


3 cycles 


Access and preceding access not both to shared 
read bus 


CDU write access 


3+1+1+1 =6 cycles 


Page mode select signal is clocked at 320 MHz 



CDU write accesses require 6 cycles. CDU write accesses preceded by a CPU access require 9 cycles. 
CDU timeslots therefore take longer than all other DIU requestors timeslots. 

With a 256 cycle rotation there can be 42 accesses of 6 cycles. This is just enough timeslots for SF - 4 
operation, ignoring implementation pipeline latencies. 

For low scale factor applications, it is desirable to have more timeslots available in the same 256 cycle 
rotation. So two counters of 4-bits each are defined allowing the CPU to get a maximum of cpujtimeslots 
in totaljtimeslots. A timeslot counter starts at total jtimeslots and decrements every timeslot, while another 
counter starts at cpujtimeslots and decrements every timeslot in which the CPU uses its access. When the 
CPU timeslot counter goes to zero before totaljtimeslots no further CPU accesses are allowed When the 
totaljtimeslots counter reaches zero both counters are reset to their respective initial values. 

When cpujtimeslots is set to zero then no accesses will be preceded by CPU accesses. The CPU can be 
allocated timeslots like any other DIU requestor. 

If CPU accesses are interleaved between the shared read bus accesses then the DIU timeslots will take 3 
cycles as shown in Section 20.7.2.2 Otherwise the timeslots will take 4 cycles each and the rotation will 
take 256 cycles. 

The various modes of operation are summarised in Table 73 with a nominal rotation period of 256 cycles. 



Table 73. CPU timeslot allocation modes with nominal rotation period of 256 cycles 













CPU Pre-access 

i.e. cpujtimeslots = totaljtimeslots 


6 cycles 


42 timeslots 


Each access is CPU + non-CPU. 

If CPU does not use a timeslot then rotation is taster. 


Fractional CPU 
Pre-access 

i.e. cpujtimeslots < totaljtimeslots 


4 or 6 cycles 


42-64 timeslots 


Each CPU + non-CPU access requires a 6 cycle 
timeslot. 


Individual non-CPU timeslots take 4 cycles if 
current access and preceding access are both 
to shared read bus. 


Individual non-CPU timeslots take 3 cycles if 
current access and preceding access are both 
to shared read bus. 


Interleaved 

I.e. cpujtimeslots = 0 


4 cycles 


64 timeslots 


Timeslot rotation is faster by 1 cycle for each 
CPU, write access or interleaved read access 



20.10.4 Sub-timeslots 

Looking at the bandwidth requirements of the DIU requesters in Table 67, most DIU requesters require 
bandwidths of 1 bit/cycle or multiples thereof. However, some of the requestors require much lower band- 
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width. This suggests that some sub-timeslots of lower granularity than a nominal 1 bit/cycle should be 
denned. 

There will be 2 sub-timeslots of 4 and 8 slots each. The bandwidth associated with each individual sub-slot 
is nominally 0.25 and 0.125 bits/cycle respectively, assuming each slot last 4 cycles. Sub-timeslots can be 
allocated to any number of main timeslots so that any multiple of the individual sub-timeslot bandwidth 
can be obtained. 

Table 74. Sub-timeslot definition 



Wffl 




Each sub-slot pointer gets advanced each time it is accessed regardless if it slot is used or not 
Sub-timeslots are similar in all other ways to main timeslots i.e. 

• they can have preceding CPU accesses in a similar manner. 

• unused slots are decided by the same unused timesiot allocation mechanism (Section 20. 1 0.5). 

• a timesiot lookahead pointer is used to select writes (except for CPU writes) early to compensate for 
write data transfer latency. 



current timesiot 
pointer j 



► 


m 






n 


n+1 


n+2 








P 










J 


/ y / . 









suWtimeslot 







r 










2 


3 


4 




I 


2 


3 



sub3 timesiot 



Figure 82. Example sub-timeslot allocation 

An example sub-timeslot allocation is shown in Figure 82. 

Every time main timeslots m and n are accessed, the SoPEC unit pointed to by the pointer in sub 4 times lot 
will win arbitration and the sub4timeslot pointer will advance. Similarly, every time main timeslots n+2 
and/? are accessed, the SoPEC unit pointed to by the pointer in sub3 timesiot will win arbitration and the 
sub3timeslot pointer will advance. 

20.10.5 Allocating unused timeslots 

Unused slots are re-allocated on a two-level round-robin basis. This is best-effort traffic. 
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J3 



Each SoPEC requestor has two associated bits, RoundRobinLevel indicates whether it is in level ! or level 
2 round-robin, and RoundRobinEnable indicates whether it is enabled or not in the selected round-robin. 

Table 75. Round-robin selection 





mi 


mm 


RoundRobinLevel = 0 


RoundRobinEnable = 0 


Not enabled 


RoundRobinEnable = 1 


Level 1 


RoundRobinLevel = 1 


RoundRobinEnable *= 0 


Not enabled 


RoundRobinEnable «= 1 


Level 2 



Separate read and write round-robin trees are needed, one for read accesses and one for write accesses. 

CDU write accesses cannot be included in the round-robin allocation for write as CDU accesses take 6 
cycles. The write accesses which the CDU write could otherwise replace require only 3 or 4 cycles. 
Robin-robin allocations do not have CPU pre -accesses. 

A pointer points to the current allocated unit in each of the round-robin levels. If the unit pointed to the 
level 1 round-robin is requesting then this unit wins the arbitration and the pointer is advanced If the unit 
pointed to in the level 1 round-robin is not requesting then the next units in the level 1 round-robin are 
examined When a requesting unit is found this unit wins the arbitration and the pointer advances to the 
next unit. If no unit is requesting then the pointer does not advance and the second level of round-robin is 
examined in the same way as first level of the round-robin. 



Table 76. Write round-robin registers bit order 



CPU(W) 
SCB 
SFU(W) 
DWU 



20.10.6 Background refresh controller 

A background refresh controller should be implemented that will issue a refresh and pause the timeslot 
rotator in case data is about to be lost This scenario will only occur in the situation that insufficient 
timeslots were allocated for refresh. 



Doc: SoPEC_hardware_desrgn 
Version: 2.3 



S3 Proprietary Document 



22 Nov 2002 
Page 220 



SoPEC : Hardware Design 



20.1 1 Guidelines for programming the DIU 

Some guidelines for programming the DIU arbitration scheme are given in this section together with an 
example. 

20.11.1 Implementation pipeline latencies 

The number of allocated timeslots for each requester needs to take into account implementation pipeline 
latencies. The number of timeslots is made programmable. This means 1 or 2 timeslots can be removed to 
allow for implementation latency. Each timesiot will allow for 6 cycles implementation latency in CPU 
Pre-access mode and 3 cycles otherwise for each single timesiot allocation in a rotation.. If units are allo- 
cated more than 1 timesiot in a rotation then the gap between slots may need to be reduced additionally to 
allow for implementation latency. 

20.1 1.2 Ensuring sufficient DNC and PCU access 

PCU command reads from DRAM are exceptional events and should complete in as short a time as possi- 
ble. Similarly, we must ensure there is sufficient free bandwidth for DNC accesses e.g. when clusters of 
dead nozzles occur. In Table 67 DNC is allocated 3 times average bandwidth. PCU and DNC can also be 
allocated to the level 1 round-robin allocation for unused timeslots so that unused timesiot bandwidth is 
available to them. 



20.1 1 .3 Basing timesiot allocation on peak bandwfdths 

Since the embedded DRAM provides sufficient bandwidth to use 1:1 compression rates for the CDU and 
LBD, it is possible to simplify the main timesiot and sub-timeslot allocation by basing the. allocation on 
peak bandwidths. The only variable in determining timesiot allocations then becomes the scale factor. 
If slot allocation is based on peak bandwidth requirements then DRAM access will be guaranteed to all 
SoPEC requesters. If we do not allocate slots for peak bandwidth requirements then we can also allow for 
the peaks deterministically by adding some cycles to the print line time. 

20-1 1 .4 Adjacent timesiot limitations 

All DIU requesters have state-machines which request and transfer the read or write data before requesting 
again. The time to perform this operation is greater than the time between adjacent timeslots. Therefore 
adjacent timeslots should not be assigned to a particular DIU requester because the requester will not be 
able to make use of all these slots. 

20.11.5 Line margin 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 
Similarly, if the line length is not a multiple of 256-bits then e.g. the LLU could read data from DRAM 
which contains padded zeros. This could lead to a stall. This stall could then propagate if the page margins 
cannot hide it. 

A single addition of 256 cycles to the line length will suffice for all DIU requesters to mask these stalls. 
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20.11.6 Example DIU programming 

A full example to be worked out. 



Program MainTimeslot and SubnTimesfot configuration registers (Table 82) for peak required bandwidths 
of SoPEC Units according to the scale factor used for the document. 

Program unused slots to use the round-robin allocation to share unused slots between all DIU requesters. 
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20.12 CPU DRAM ACCESS PERFORMANCE 

This section does not yet reflect any implementation pipeline latencies. 

The CPU's share of the timeslots can be specified in terms of guaranteed bandwidth and average band- 
width allocations. 

The CPU's access rate to memory depends on 

• the CPU read access latency i.e. the time between the CPU making a request to the DIU and receiving 
the read data back from the DIU. 

• how often it can get access to DIU timeslots. 

Table 71 estimated the CPU read latency ignoring caching as 6 cycles. 

How often the CPU can get access to DIU timeslots depends on the access type. 



Table 77. CPU ORAM access performance 











CPU Pre-access 


6 cycles 


Lower bound (guaranteed 

bandwidth) is 

160 MHz / 6 = 26.27 MHz 


CPU can access every timeslot 


Fractional CPU 
Pre-access 


6 cycles 


Lower bound (guaranteed 
bandwidth) is 
(160MHz*N/P) 


CPU accesses precede a fraction N of timeslots 
where N = C/T. 
C = cpu_timeslots 
T — total_timeslots 

p = (6*c+-/*(T-c;;/r 


Interleaved 


4 cycles 


See Section 20.12.1 


At SF = 6, 28 timeslots available for CPU. 
At SF - 4, 2 1 timeslots available for CPU. 



For CPU Pre-access and Fractional CPU Pre-access modes average and guranteed CPU bandwidth are 
equivalent since the CPU is limited to a certain fraction of timeslots. 

If the CPU runs out of its instruction cache then instruction fetch performance is only limited by the on- 
chip bus protocol. With a 2 cycle bus protocol (address cycle + data cycle) the performance would be 80 
MHz. 



20.12.1 CPU DRAM access performance with interleaved access mode 

Table 78 shows the guaranteed periodic CPU access with 4 cycle DRAM access and pclk= 160 MHz. 
Table 78. Guaranteed Periodic CPU access with 4 cycle timeslots and pclk= 160 MHz 







mm 


Timeslots left for CPU 


28.25 


21.5 


Maximum wait for timeslot 


12 cycles 


12 cycles 


CPU rate 


13.3 MHz 


13.3 MHz 



Since timeslots are integral multiples of 4 cycles the maximum wait for a timeslot and hence minimum the 
CPU rate must reflect this. 
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Table 79 shows the average CPU access with 4 cycle DRAM access and pclk = 160 MHz. This will be a 
bursty access. 

Table 79. Average bursty CPU access with 4 cycle DRAM access and pclk= 160 MHz 









Timeslots left for CPU 


34.95 


30.8 


Maximum wait for timeslot 


8 cycles 


1 2 cycles 


CPU rate 


20 MHz 


13.3 MHz 



Interleaving of CPU and write accesses with shared read bus accesses will mean some of the timeslots will 
take 3 cycles rather than 4 cycles. This will mean that CPU slots will be available more frequently and 
higher CPU performance is attainable. 
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20.13 Implementation 

The DRAM Interface Unit (DIU) is partitioned into 2 logical blocks to facilitate design and verification. 

a. The DRAM Access Unit (DAU) which interfaces to the SoPEC DIU requesters. 

b. The DRAM Controller Unit (DCU) which accesses the embedded DRAM. 




DRAM Access Unit (DAU) 




DRAM 




eDRAM 






Controller 










Unit 










(DCU) 







Figure 83. DIU Partition 

The basic principle in design of the DIU is to ensure that the eDRAM is accessed at its maximum rate 
while keeping the circuit latency for each access as low as possible. 

The DCU is designed to interface with single bank 20 Mbit IBM Cu-1 1 embedded DRAM performing 
random accesses every 3 cycles. Page mode write accesses, associated with the CDU, are also supported. 

The DAU is designed to support interleaved accesses allowing the DRAM to be accessed every 3 cycles 
where back-to-back accesses do not occur over the shared 64-bit read data bus. 
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20.1 3.1 Definition of DCU IO 



Table 80. DCU Interface 





GSHSS 




Clocks and Resets 


pclk 


1 


In 


SoPEC Functional clock 


prst_n 


1 


In 


Active -low, synchronous reset in pdk domain 


Inputs from DAU 


dau_dcu_cmdavail 


1 


In 


Signal indicating a DAU command is available i.e. 
dau_cmd_adr, dau_cmd_rwn and dau_cmd_refrBSh are valid. 


dau_dcu_cmdadr[21 :5] 


17 


in 


Signal indicating the address lor the DRAM access. This is a 
256-bit aligned DRAM address. 


dau_dcu_cmdrwn 


1 


In 


Signal indicating the direction for the DRAM access 0=read, 
0=write). 


dau_dcu_cmd refresh 


1 


In 


Signal indicating that a refresh command is to be Issued. If 
asserted dau_cmd_adrand dau_cmd_rwn will be ignored. 


dau_dcu_wdata 


256 


In 


256-bit write data to DCU 


dau_dcu_wmask 


256 


In 


256-bit write data mask to DCU 


dau_dcu_vwand 


17 


In 


Signal indicating valid write data and write mask. 


Outputs to DAU ; 


dcu_daL/_cmdaccept 


1 


Out 


Signal indicating that the DCU has accepted a valid command 
from the DAU. 


dcu_dau_refreshcomple(e 


1 


Out 


Signal indicating that the DCU has completed a refresh. 


dcu_dau_rdata 




Out 


256-bit read data from DCU. 


dcu_dau_rrvafid 


1 


Out 


Signal indicating valid read data on dcu^rdata. 


Outputs to DRAM 


I I I 


Inputs from DRAM 


III 
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20.13.2 Definition of DAU IO 



Table 81. DAU Interface 



bsbbmhe 


mm 


\M 




Clocks and Resets 


pdk 


1 


In 


SoPEC Functional clock 


prst_n 


1 


In 


Active-low, synchronous reset In pdk domain 


CPU Interface 


cpu_adr(9.-2] 


8 


In 


CPU address bus. 8 bits are required to decode the 
address space for this block 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


diu__cpu_data[3 1 :0} 


32 


Out 


Configuration, status and debug read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[1:0] 


2 


In 


CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acode[1] - User (0) / Supervisor (1) access 

The DAU will only allow supervisor mode accesses to data 

space. 


cpu_diu_se( 


1 


In 


Block select from the CPU. When cpu_diu_sel is high both 
cpu_addr and cpu_dataout are valid 


diu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diu__cpu_rdy\s high it indi- 
cates the last cycle of the access. For a write cycle this means 
cpu_dataout has been registered by the block and for a read 
cycle this means the data on diujcpu__data is valid. 


diu_cpu_ben 


1 


Out 


Bus error signal to the CPU indicating an invalid access. ] 


DIU Read Interface to SoPEC Units 


<unit>_diu_rreq 


1 


(n 


SoPEC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


<unit>_diu_radr{21 -JS) 


17 


In 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_<unlt>_rack 


1 


Out 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on <unrt>_ diu_radr 


diu_data{63:0) 


64 


Out 


Data from DIU to SoPEC Units except CPU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 :128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


dram_cpu_data[255:0J 


256 


Out 


256-bit data from DRAM to CPU. 


diu_<unit>_rvalid 


t 


Out 


Signal from DIU telling SoPEC Unit that valid read data is on 
the diu_data bus 


DtU Write Interface to SoPEC Units 


<unit>_diu_wreq 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


<unit>_diu_wadrf21 :5] 


17 


In 


Write address to DIU except CPU, CDU 
17 bits wide (256-bit aligned word) 


cpu_adr(21 :0] 


22 


In 


CPU Write address to DIU 

22 bits wide (8-bit aligned word) 

Addresses cannot cross a 256-bit word DRAM boundary. 
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Table 98. COU registers 




OxSC 



JpgDecTData 



JpgDecPValue 



JpgDecStatus 



13 




16 



22 



0x0000 



0x0000 



0x00__0000 



13 -tsos outputof c^iesoi i^A^en^^ 

put byte of the first 8x8 block of the test data 

Z~£° B < ^ ° f CS1650 ' indlcates out- 
put byte of each 8x8 block of test data. 

11-0-11 -bit output test data port - displays OCT 

coefficients or quantized efficients depending on 

value of JpgOecTType. 



Decoding parameter bus which enables various 
parameters used by the core to be read. The data 
available on the PValue port is tor information only 
and does not contain control signals for the decoder 



1 , ~ l * set that the JPEG 

n^ fCd * ^ ° ,iclk as JPEG 
halfblock double-buffers of the CDU are full) 

TJ? 0 ^™^ id(This Is an output from 
*e JPEG decoder core and Is asserted when a pTxel 
fa being output H *" 

Bits1$M6 - ISfc_cort/ants<HFO at input of JPEG 
decoder core) 

Bits 15-0 are JPEG decoder status outputs from the 
CS61S0 (see Table 100 fo, description^ tttsT ° 



22.5.3 Typical operation 

The CDU should only be started after the CFU has been started 
S^tnau^^ 

/Lines. Users then set the CD^scVbiT^^^ BuffEndBlockAdr and Afcm*,/- 

for the band has finished beta* »d ta^n^TTT^ ^ ^ <*»P«ssed eontone data 
indicating that the meo^^^a "tfibK£2^ "Tt^ *"* «° PCU CPU 
band of eontone data. 0,6 6151 band 15 now Processing can now start on the next 

C £ U ZS ^ ^ 11,6 PCU to c °™* from 

d-Thjs is a combination of 6 and c above rv.^ x>m r ,u ^ 
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re*, by means of a write „ *„„ ^S5S^S!!Sf ^ S ""'" 1 " 
22.5.4 Read control unit 

receiving the data from the DruTverTlSSetS^bi^ , ^ W 256 - bit acc ^, 

accesses to DRAM is described in section 20 57S pat X? HJ? ""JS - ^ for «- 

by means of the state machine described m Figurc lOK 68 * DRAM ^ ^P'^ted 

All counters and flags should be ckTRH»ft«^ 

should take their initial vTSeft SS^Tf > tnmsitions from 0 to 1 all counters and flags 
it whether to attempt to read a taSS^^I^^^ * ° D ^ ZWW bit to «I 
does nothing. When DoneBand is cleai^ tteZ^S . When /WiJWis set, the state machine 
up to 256-bits at a time while S £?S3£ ^TSTo^ ^ ?° ^ ^ ^ 

"^mepeakD^r^^ 

diu-cdu_ n >al id being ass^^*J^ffi ^ ^ ^ * indicated by 

end_ofJbandst Q re: currjourc e _adr is compared to both en rf^ and 

' f^SSSSi^^ sent to the 

tsse^eremaimng^hitvaluesm^ 

" ^--t^tV^ dOCS ° 0t «^*. then 

whether curr^sou^^^ ZStL^f^ °^ " ^"^-^ + ». depending on 
FIFO is 0. CqUalS end -°fJ>«"*«ore. The end_of_band control signal sent to the 

cw^ow/ce.a^ is output to the D1U as cdu_diu radr. 

incremented. X 8 ^dfifo^ C ontents[3:0J z a .&fifo_y V r_adr[2:0] are both 

data from the FIFO. Note it is ^^ySS^iSSSSS^^ ^ * * t0 reCciv < 
•ster to 1. In this case data is sent direct! v f^^ tr^ P < ! eCoder Corc by setnn 8 the BypassJpg reg- 
decoder is riot stalled <£^J%S^£?™ to fte h^f-block double-buffer. While the JPeJ 
a byte of data is consimfd" bT^Eol^cS-^^^^ »* both I, 

ne.b.e.TnereadaddressisVe^ed^ 
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J3 



and the lower 3 bits are used to select a byte from the 64 bit*: u*r~ ^ ^ „ „ , 



BfisatoapcBi n — ft 
cdujdki_rreq ■» o 
ignore_data & 0 

( reset J 



cdu_dkj_rreq « 0 
lgnore_cfata *> 0 



^ idle 



cdu_diu_rreq - 0 
fgnore_data « 0 



< 



DonaBflnri = 



cdu„diu_rreq e o 



req 



c 



fife ContffnK<» (Hfn «l^-4) 
odti_cCu_fTeq » T 
ignore.data * 0 



ack 





Uhi_CdiL rack — t 




cau_<Jlu_rreq « 0 




fcnore.daia * 0 


1 


r 



read 



> 



fcurr sour™ ariLCd ^TMtntT — 



cdu_tfiu_rr»q « 0 
*gnore_data «= 1 



Figure 101. State machine to read compressed contone data 



22.5.5 Compressed contone FIFO 

JSthSt?^ fa^7C 1 l\uS e ^S i and 6 f; bitS aCC ° mm «— 25 ^" -esses), 

ten to the FIFO^ the^>£ ^ fL^T"^ 1 " b,t ^/-^^ Whenever 64-bit data .s writ- 
er/ b * fc^f^^S^f^*? fl f g !f 8,50 paS5ed fa from read control unit The 

When Wo/ w - fitL2rSJES£? ^ "T? ^ " d ° if k is not the ***** 
sion of the same. * P * register is also copied to an image ver- 
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t^Tald^ 

FIFO (as an additional effect of Xs tle com P^. 001110,16 data ^ »ad from the 

tone data must be more than 4 * 25£S? SEg^ * *" "* 0300 ° f ™ 

22.5.6 CS61S0 JPEG decoder 

the CS6150 JPEG decoder ^~™V£&13£?£", MHz. (Aznphion have stated J2 
which a gated version of the system clock ncL n*L" * T * ChnoIo *y>- The 001(5 * docked by yc/* 
JPEG decoder on a single co^Soy^ceTLJS^ 5£ l™"? * for -4 the 

the PixOutEnab input to the JPEG riZJ^wl C ° 1 ! tro1 of «•» flow of output data is also provided bv 

Mock boundary anS is SfSc S oSeTt ^ ° f OUtP " * * " E G 
instead tied high. 1 nus gatln « of tte cl °ck is employed and PixOutEnab is 

tht^co^ 

quantization tables, restart interval deS™ bytestream contains data for the Huffman table* 

the JPEG bytestream automSy SSZI^ ^ d ^P^es and checS 

Ln= (DHL) ratter « ,k„ (llom a,,, JSS^S^ ™? *?'." Mee te » D' 6 ™ 

length as this is a modification to awT ^ m " tar M ,mages of more ^ «4k lines 

-dSm S^uTbeln^et^^ f^-^r. If this register is set. then the data 
Pixe^mecorrectco^ 8x8 blocks of 

The following subsections describe the means by which the CS6150 internals can be made visible. 

22.5.6.1 JPEG decoder parameter bus 

mines which internal parameters are disnlaveH I ttt ♦ t SeIcCt ° r mput ^DecPType) 



Table 99, Parameter bus definitions 




YMCU: number of MCUs in Y direction of the r^m ^~ 
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Table 99. Parameter bus definitions 




0x4 



0x5 



0x6 



0x7 



0x8 



0x9 



OxB 



00_XMCU[13:0] 



Cs0[7:0LTq0[1 :OLV0{2:01 
_H0(2:0] 



XMCU: n^togggg^^^™^^ 



Cs1[7:0J_Tq1[1 :0LV1[2.-0] 
.H1(2:0] 



Cs2[7:OLTq2(1;0]_V2(2:OJ 
_H2f2:0] 



CsO: Identifier for the first scan component 
TqO: quantization table identifier for the first scan compo- 

ValJeV^T^" 9 feCt0f forthe fwstscan component. 



Cs1. rqT. V1 and H1 for the second scan component 
VI, H1 undefined if NS<2 



Cs3J7:0LTq3[1 :0LV3[2:OJ 
_H3{2:0] 



CsH{15:0] 



CsVl15;0] 



ORIf15:0J 



(KX)_HMAXr2:0LVMAX(2: 
OL MCUBLKf3:0LNSf2:0J 



Cs2. iqz. V2 and H2 for the second scan component 
V2, H2 undefined if NS<3 



Cs3. Tq3, V3 and H3 for the second scan component " 
V3, H3 undefined if NS<4 



CsH: no. of rows In current scan 



CsV: no. of columns in current scan 



OR]; restart interval 



HMAX: maximal horizontal sampling factor in frame 
VMAX: ma^lvertical sampling factor in frame 
i^^T^""""** M CU of the current scan. 
NS: number of scan components in current scan, 1-4 



22.5.6.2 JPEG decoder status register 

sent to the CPU by asserting cdu f<S!TJl!L, ?^ U SUSpended «™l interrupt is 
and/^r). tf/is als^ea^-to^^U^pt,t^lS °* CtlErm /> HtE ™' 0*™ 
the JpgDecStotus register The r<tfi *n "7, U 0311 check s 011 ™ 5 of the error by reading 

high to indicate an error condition as defm^ rSle ToS ^ S * t0ZCr0atreset active 

is required from the user If any of SeSSSS * *« **t of the next mage and so no intervention 

1,16 dCCOding ^ be by ° bS ^ - ^ ™* DednPros 



J^jH l 0 ^^ deCOder St3tUS re 3 <ster definitions 



TbJDeff7;43 



TblDef[3:0] 



DecHfError 



ites the number of Huffman tables denned. IbitAaMe. 



Indicates the nu mber of quantizat ion tables define ihitanJ 

0«« ..^.^ . . — " 



-w ^v^... njyf, I UlU UJ LWO. 

Set whe n an unowned Huffman table symbol is referenced dur^r^S^ T 
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lTll°°^l E lt^ er St8tUS ^'^definitions 



CUBnor 



HtHrror 



OtError 



Set when an invalid OHT segment is detected. 



DecEnror 



tDctinProg 



» wcwuea a i me start of a stmarr 



i IDCT starts 



processing first data of a scan. Cleared when IOCT 



DednProg 



processed the last data of a sc an. 

i scan this sfenal is asserted after the 



has 



signal has been ou^f^T^ Zh I SiflS ° S (Start ^ Scan Segment) 

Ca* mi i ■ ^* 



JpglnProg 



22.5.7 Half-block buffer interface 



to stall the JPEG decoder core atY^^ * ™ s ™N« us to be able 

pixel). We provide a mechanism for staW *e S 5 IA 32 pixels (8 bits per 

JpZ-Core_stall is 1. Toe aa^oc^ bSta^e^^^ 1 ! by gatinfi * c clock to *■ ^re when 
half JPEG blocks to decouple JPEG dZ^ll^Z * f°I pr0Vidin « a ** of ^uble buffered 

DRAM (write control unit) Date^n^^B SmS^^? ^ ^ Socles to 

onlyasu^ecolor P lane.DataexJX 

The half-block buffer interface therefore consists of 2 sinjrfe JPEG half w« u u <r 

combinatorial logic, as shown in Figure 102. half-block buffers and some simple 



P*_out_vaIW — 
jpQ_core_sta» <4- 



Jcik^enabte 



pixaJ_data . 



rmrf-wock buffer Interface 



-o<J— i 



half-block buffer 
select unit 



con tone 
plane 
buffer 



64 



jd_adv_hatf_Wock 
— rd_adv 



half_block_oK.to.read 



cdu„Q^u cata(63:0] 



Figure 102. Block diagram of half-block buffer Interface 
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22.5.7.1 Half-block buffer select unit 

<•* case. Wfc fc . ^ ffEO " »" ■« ». to 

single bit {wrbuff) for the current -iSEr *. ^ «ads are to occur from, and a 

W-W^Z U TuTa^bX ™T "l* ° C , CUr t0 " ^ output' value 
buffLavailf^buffJ. mL^j^co^r^!,^^^ ^ ^ jP^~ co ^aU equals 
*. production offixels. ^SgS p^o^^f^^ " 10 88 

output from the CDU. When /eft u i , CPR blockunder control of theyc/* enable 

0clk_enable is the invL^f * ^ «H- A* When yc*_ena*fe is 0. ^* is 0 

^E^^ iS - d ^ is inverted 

mented whLev^ JTSJ if 1 T ^ JPE ° deCodcr * is 2£ 

p«e/_co«n/ W is P 3 f, ^7^3 "1^" * value. When 

P^Cv^A^ed^th&emveWiff ^'Zt^L* T ^ ° Utput 1«* 
ANDed withnf^. erse or jpg_c 0re _stall. The output equals half_block_ok_to_^ a d 

22.S.7.2 Contone plane buffer 

Eachcontone p,ane buffer consists of two half JPEG bloCc buffers as shown in bloc, diagram form in Fig- 



rd_buff 



rd_en. 
wr_buff. 



paeJ^data. 



L=£> 



fd_en 



pixel, data , 



wren 



JPEG 
hatf-Wock buffer 1 




contone plane buffer 



cdu_<Jfu_data(63:0J 



Figure 103. Contone plane buffer interface 
■«ct«l X tl™ Hot shift iS^ h MSSiiS 5? Sta * regMer Data i, col- 
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22.5.8 Write control unit 



ORAM 
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tmpjea ;4 x 64 bit writes to consecutive 
words In one ORAM row, farashSXj 
COU access to DRAM * 
CX-ColorX 

IV - Une Y or 8 bytes of a fine In a JPEG btock 

104. 01^ .„ w amn8 . TOW ^ , ,,„^ nn>rf JpEG ^ ^ ^ 4 ^ 

JSS^^S^ - «S1^« - 4 line, „ 

block 0, color 0, line 0 in word p bits 63-0 ii„ ft i < 

line 2 in word p* bit , 63-0 lin* ^ ^ ^ Mt * 

v * oics e.j-g, line 3 in word p+3 bits €3-0. 

block 0, color 0. line 4 in word q bits 63-0 i ino «; 

i . W4CS ©j-u, line 5 xn word o+l bifn « 

line 6 in word q+2 bits 63-0 n„« -7 . wutQ ° its 63-0, 

v* * dim oj-o, line 7 in word qO bits 63-0, 

block 0, color 1, line 0 in word p bits 127-64 n ~ i » 

1 * - . ^ v " i*/-64, line 1 in word p+1 bits 127-64 

-Line 2 m word p+2 bits i?7-*a i i _~ ■» * ' °** 

P ^ oits 127-64, line 3 in word p+3 bits 127-64, 

bloc, 0. color 1. x£ . 4 in word q bits 127-64. line 5 in word ^ ^ 

ixne 6 x„ word bits 127-64. l ine 7 in wor<3 % +3 b ^ 3 ^ 
repeat for block 0 color 2. block 0 color 3 

etc 

block N, color 3. line 4 in word q+4n bits 255 ie:> i ♦ c 

line 6 in word V"n*2 bi ts 2 55 i-192 Tin 7° MtS 25 ^ 192 ' 
255-192. line 7 in word q*4n+3 bit 255-192 
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the individual bit write i^tV^^ZtZT ^ T * - ^ ^ 

-—ae^^^ 

cycle* All counter, and flags should be dearedaiW^ ^eT£ Jr\* * ^ 4 X 64 bits ovcr 4 
rtS 8S t S ^ U,d * ke value. WWlette S ST ^"T* 00 * fro ™ <> *> 1 all counters 

half_block_ok^o read sad line *tn„ „t , ~ 00 blt 18 set > state machine relies on rtm 

block to DRAMTonceto iSSSt wHSS? 1 t0 * WbBfl "' to <° S UTW 

requests a write access to DRAM by^^I^ 3 "*"*. «* state nuSS 

mg to the first 64-bit value to be writt^Tf^ and providing the write address, cornS? 
access of 4x64 bits is issued by SSu T^En^cI ^ "? *" ** ««* ^luT^ach 

fourth 64-bit values). The state machme UoZe^T ^ ■fS""" f ° f 1,16 second . J 

mg a read of 4 64-bit values from thXfSTb^er^S t**™ 1 **' from * e W before initiat 
put cdu_diu_wvalid is asserted in the eye e after S^IT ^ * for 4 ^les. The out- 

the erfofc^ bus ^ ^ ™^ 2j*S fi to ^^^^ DIU ««»« valid data is present 
« then sent to the half-block ^JS^l^^^^^^-^lfJlock^Z 

should now be available to be written to again. Sie^ma^S ,h " " -d ^ 1138 been and 
TV- „ M „ j ... K i ne state machine then returns to the request state- 

The pseudocode below shows how the write j«m-«;«„, , _, request state, 

and flags should be cleared after res^.^en^ ^t" 1 " * PCT C,0ck «** Note counters 
cleared and twrjudjblock^ gets Saded^iA SST-S" 1 2 '° 1 ? C0UntCrs Md should^ 
buffjtart_adr + max_block+ 1 buff^tart_adr and uprJuxl/block_adr gets loaded with 

if (half i) then 

ela « ^ 7 7 for i^es 4-7 of JPEG block 

cdu_diu^»dr 121:7] - lwr„haifblock_«dr // for , • 

^" 7/ f ° r linea 0-3 of JPEG block 

// update half, color, block 

if (rd.^haif^ a ^er each DRAM write access 

if (half « i) then 
half = o 

if (color == max_pi«ne) then 
color. = 0 

if pu b ^s o : k w:: d ^^ n b r ck, then " end ° £ - .* a PEG blocks 

block =0 
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else Upr - halfblocfc -^ = upr^halfblock_adr ♦ ma^block ♦ 2 
block +«- 

eiae + . „ _ Co address for iines 4 ? for next biQck 

color 

else 

half * i 

if (color == maxjjlane) then 

if (bloe* »ax^lock> then // end of writing a line of JPEQ blocks 

// update half block address for start of i • 

s mass n~ -v-in-""™ 

lwr_h«lfblock_adr = buff_start «dr ■>u«-«md_adr> then 

else — 

lwr_halfblock_adr = lwr_halfblo c k_adr ♦ max^block + 2 



else 

lwr_halfblock_adr 



// move to address for lines 0 -3 for next block 
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GO ccfj 

cdu_<flu_wreq » 0 
cdu_dtu_wvaBd ■» 0 
nd_adv » 0 
«Ladv_haff_btock = o 



Reset OR pfst n^Q 
cdg_dfu__wreq « 0 
cdu_d/u_wvaW ■ 0 
rdLadv c o 
«UK*v_hafLWock«0 

reset ~J 



idle 



c 



gQ~1 

OGki_dw_Wfeq e 0 
cdu_diu_wvaJrt & 0 
fd_edv ■ o 

RJLadv^haff_biock « 0 



req 



c 



> 



half hiork nk t» ceadj 
cdu_dlu_wreq * 1 
cdu_diu_wvaiid * 0 
rd_adv & 0 

rd_adv_ha^btock = o 



1 1 AND. 



ack 



c 



J 



cdu_diu_wreq » 0 
cdu_diu_wvalJd ■ 0 
rd_adv« 1 

id_adv_haJLbkx*»o 



read 



c 



cdu_diu_wraq • 0 
odu_dtu_wvaDd «= 1 
rd_adv- 1 

rd_adv_hatf_Wock » 0 



write 1 



c 



J 



_<Bu_wreq » i 
cdu_dJu_wvafid • 
fd_adv « i 
nd,adv_hart_bfock « 



write2 



c 



3 



cdu_cflu_wreq «= 0 
cdu_dfu_wvaud « 1 
rrf_adv o i 

rd_adv_haffj)tock = 1 



write3 



c 



3 



cdu_dlu__wreq « 0 
cdu__dju__wval]d m i 
rd_adv * 0 

*d„adv_hart_Wock = 0 



write4 



> 



odu_diu_wreq e o 
0du_dw_wvaTid » 0 
*d_adv « 0 

rd_adv_haff_Wock *- 0 
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22.5.9 Contone fine store Interface 

-me contone U^S^^Z^lt f 01 /?*:™* the C ™ reads them Hne-at-a-tun" 

write to. Thus the size of the line storein DftSJfT ^ D ° W free f °' *e CDU to 

line store interface is 8 £. p^vS a^bS ■SETS? f ■ Th " Size of *• 

scheme while 16 lines provid^ a 2252! s^eme ^ ^ ^ 12 ^ f ° r a 15 buffcr 

set * J. value of *m^j£&£^^Z^^ £ * 
available for 8 lines, indicated when the W L * ° . UKAM 38 lon 8 there is space 
writing 8 lines, the write £2£S£L SSSS£^Jt" ~ CDU ^ 

CFU, and num lines avail is dccTcm^h^ l ^ ^^ aon ^ c ^ a ^ ,b ' : 

priately. and s^ndl its lElSJCfaS f£SS352S f °;. reSP ° nding Pukes 
itnmshesreadingmem.^.^r^ 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



color invennon fa^5SX?2E^^ *** ^ t0 RGB «*»^5£S 
fonned in the horiSntal J ve£S ^ot bvt^Cm ^ ? 1,16 HCU ' ScaJin * of <^ « Per- 
printer resolution. Non-integer nZglZZted t^Z f. l ° *» HCU *e 



23.2 Bandwidth requirements 



^n^X^ COnt0nC ^ fr ° m DRAM ^ * —* the rate at which the contone data 

direction is performed at the ^oiZ^FUo^TX^y^S "IT * t RcpUcati0n in *• * 
bon is performed by the CFU reading eacl . Iinet n^wt r "I ^ S ^ rc P ,ication « the Y direc- 
DRAM. The HCU generates I SSbdS!^ accordmg to the Y-scale factor, from 

1 side per 2 secoudsVSTb l^^^p^^r^^ 1 ^^ to H-* speed of 

color contone pixel (32 bits) every ^ nCCdS to bc ^ * 4 

from DRAM at 5.33 bits/cycle^ SUppOIt for 4 00,015 81 267 ppi the CFU must read data 



23.3 Color space conversion 

S^cofoX^ 

and K, directly represented by (S W ^ ' four co,OIS m ^ 00 C. M, Y, 

multi-SoPEC printing wim\xL coIS ^ 8 ° ld » metaUic ^ etc. ft,; 

S^SS^ visible quaiiry when .uminance and chrominance 

luminance infoLrfon ana * ^^otZ^^° * lua *»**.*« C M and Y each contain 

fom provide me means by which be ^Ts^C «TSSt SofT T\ ^ ^ 
sion. io iortL as YCiCb. K does not need color conver- 

a,T«^S ^SSl- » *<» the to YOCb ^ ,p EO 
10 CMY. "Pnssioo, too YCtCo dot, ts obtaiood, then color convened to RGB, aid foully book 

Se=io R n^m~ the ^actual hardware 
are nonnaltzed to occupy all 256 levels of an 8-bit Sm^JZ^ ' ^ Cb 

The CFU provides the translation to either RGB or CMY RHR ic ^ a ■ 



I. 32 bits/ 6 cycles = 5.33 bits/cycle 
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^TSS*' StrCam iD 4156 C ° l0r *«* is one of 

1 color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb, conversion to RGB 

• 4 color planes, no color space conversion 

I 4 ^ PlaneS YClCbX ' ° f YC «* *> ^B, no color conversion of X 

ifie YCrCb to RGB conversion is described in [141 Note that if th^ A»t» :* 

specrfic advantage in performing color conversion AS&'SSS ^SSS^S^ ^ * " 

23.4 Color space inversion 

^ "^^^^ Prides for optional bit . wifie ^ 

may be used to provide plana? corrStSn ^S^SiT"^ * ™ Y bC « » 

pie^RGB to CMY conversion is given by the relationship: 

• M = 255-G 

• Y-255-B 

Th^relationships require the page RIP to calculate the RGB fa» CMY as follows: 

• G-255-M 

• B=255-Y 

23.5 Scaung 

should b« m ihan „, eouy^Z^jS^ 8 ^ ° f f« <!«>> i, «]low«l, i... 

else 

count = count ♦ denominator 
advance = 0 
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23.6 Lead-in and lead-out clipping 

S^^S^oSSJtS ' '" 0Ck ^ b " >Ck ^ ~* b '~ k «— »f « «-b« Pix«b (to. 

block n below) will be the last JPEG bl^S'th^iT^ Si c° ^fJ 5 ° unda ^ of *e 2 SoPECs (JPEG 
lb. printed by SoPEC # 2. ^^£S?^£^ E ?*^»™^ - 

ately setting the LeadOutCliDNum PixrU in tw roc^u, . f SoPEC #i are ignored by appropri- 

at the beginning of each ^cn^£SZ^t1^o^TfJ°r ^ ^ ^ 0red 
UadlnClipNum register. P lgDOred at start of each line is specified by the 

spond to JPEG block m but the value r^JuM I MaxBlock register in the CDU is set to corre- 
block m-/. Thus JPETbltk « ^oTr^tby^C^" 8 ^ " ** C ™ " ~ t0 "™*«* to ™ 



sopec#i 

leacMn area 



SoPEC 92 SoPEC #1 
iead-ci area t lead-out area 



SoPEC #2 
lead-out area 




SoPEC #1 prints left 
side of page 



SoPEC #2 prints right 
side of page 



Figure 106. Lead-in and lead-out dipping of contone data In muW-SoPEC environment 

^SS!&Z^ft^ feqUired H?*« ™ UP 10 *« P ri ^s resolution. The 

^register" ^ie ofte^S SK,* TV* The JfacU* 

trols the scaling of the JS^S XKS££ST ^ " *" *** «~ 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



DRAM Interface Unit 



-5 




,'64 



decompressed 
oontone buffer 



/'a 



wrjbuft, rd_boff 



/'|7 



wr_en, rd_en 



Y-scairng 
control unft 



y r 6 



K Cb Cr 
color space converter 
JpP 3 cp2 cp1 cpo 



8 



YCrCbgRGB 



*nvert_colof_plartt> 



SB A 



By 13/ 



1 

15/ 



15 



r 





j ,r 


1 t» 

^ Hne8 ok to road 


con tone 
fine store 
interface 





configuration 
registers 



✓ '32 



output 
double-buffer 



/'8 y ' 8 



^ ^ wr bufLrd 



^ wr_ery, rd^en 



le^fS/ 



8 / 



f 



* t * * t 



3 / 



X-scaflng 
control unit 



,1* 



Contone 
FIFO Unit 



X ±_ 



Halftone/Compositor Unit 



PEP Controller Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 

Table 101. CFU port ,,st an * cfesciiptlon 



Clocks and reset 



pdk 



prst_n 



PCU Interface 



pcu_cfu_sef 



pcu_adr(6:2] 



hcu_cfu_aaVdot 



cfujicu_avaif 



cfu_hcu_c0data{7:0] 



cfu_hcu_c 1 dataf7.-0] 



cfu_hcu_c2data[7:Q] 
cfu_hcu,c3dataf7:0j 



_jn ] System dock 



In 



System reset, synchronous active low. 



32 



In 



Block select from the PCU. When pcu_cfu_sef is high both 
pcu__adrand pcu_dataout are valid. 



Common read/not-wrrte signal from the PCU. 



PCU address bus. Only 5 bits are required to decode the 
address space far this block. 



Shared write data bus from th e PCU. '. 

ZT^J!^ *, PCU ™™ ^U^5^hi^ it indicates 

a0CeSS ' For a cyde this means 
pcu.cfateoufhas been registered by the block and for a read 
cycle this means the data on cfu _pcu_data is valid. 



Qut Read data bus to the PCU. 



1 cfu_diu_rreq 


1 


Out 


CPU read request, active high, A read request must be accom ~ 
panied by a valid read address. 


I dfu_cfu_rack 

| cfu_dju_radr(2 1:5] 


1 

17 


tn 


Acknowledge from DIU. active high. Indicates that a read — 
request has been accepted and the new read address can be 
placed on the address bus. cfu dlu radr. 


J diu_cfu_rvafid — — — 
I diu_data(63X)] — — 


"64 


Out 
"in 

In 


CFU read address. 17 bits wide (256-bit aligned word). 

Read data valid, active high. Indicates that valid read data is 

now on the read data bus. diu_data. 

| Read data from ORAM. 


J CDU Interface 
cdu_cfu_wradv80ne 


1 


In 


Write SDne pulse, active high. Indicates that the COU has fin- 
ished writing to 8 Ones of decompressed contone data to the cir- 
cular buffer In DRAM and the data is available to be read by the 

CFU. 


cfu__cdu_rdadvfine — — 


1 


Out 


Read One pulse, active high. Indicates that the CFU has finished 
feeding a tine of decompressed contone data to the circular 
buffer in DRAM and that One of the buffer i* nnu, 



In 



Out 
Out 



Out 



Out 



Out 



Informs the CFU that the HCU has captured the pixel data on 

^rf^^f^ UneS and CFU «n now place the next 
pixel on the data lines. 



Indicates valid data present on cfu^hcu_c(Q-3]data Ones. 



Pixel of data In contone plane 0. 



Pixel of data in contone plane 1 . 



Pixel of data In contone plane 2 . 
Pixel of data in contone plane 3. 
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23.7.2 Configuration registers 

^e co^^tion register in the CFU are programmed via the PCU interface. Refer to section 21 8 2 on 
SK c d ^Ption of the protocol and timing diagrams for reading and 5£rSK£E 

CFU Note that since addresses in SoPEC are byte aligned and the PCU ornyL,™^ nXS ^ 
«g i wntes, the lower 2 bits of the PCU addresTbus £, not requireSVo^ « 

oix^s; ot cju^pcu^data. The configuration registers of the CFU are listed in Table 102: 



Table 102. CFU registers 




Setup registers 



0x0 



Writing 1 to this register starts the CFU. Writing 0 to this 
register halts the CFU. 

When Go Is deasserted the state-machines go to their 
Idle states but all counters and configuration registers 
keep their values. 

When Go Is asserted all counters are reset, but configu- 
ration registers keep their values (I.e. they don't get 
reset). 

The CFU must be started before the COU is started 
This register can be read to determine If the CFU Is run- 
ning 

(1 - running. 0 - stopped). 



0x18 



OxIC 



0x20 



MaxBlock 



BuffStartAdr 



BuffEndAdr 



4UneOffset 



13 



15 



15 



0x000 



0x0000 



0x0000 



13 



YCrCb2RGB 



0x0000 



0x0 



Number of JPEG MCUs (or JPEG block equivalents, i,e. 
8x6 bytes) in aline - 1. 



Points to the start of the decompressed contone circular 
buffer in DRAM, aligned to a half JPEG block boundary. 
A half JPEG block consists of 4 words of 256-btts, 
enough to hold 32 contone pixels In 4 colors, i.e. naff a 
JPEG block. 



Points to the end of the decompressed contone circular 
buffer In ORAM, aligned to a half JPEG block boundary 
(address Is Inclusive). 

A half JPEG btock consists of 4 words of 256-bits. 
enough to hold 32 contone pixels in 4 colors, i.e. half a 
JPEG block. 



Defines the offset between the start of one 4 line store to 
the start of the next 4 line store. In Figure 108 on 
page 294. if BufStartAdr corresponds to line 0 block o 
then BuffStartAdr + 4UneOffset corresponds to line 4 
block 0. 

This register is required in addition to MaxBlock as the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG blocks in a 
line written by the CDU. 



Set this bit to enable conversion from YCrCb to RGB. 
Should not be changed between bands. 
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Table 102; CFU registers 



0x24 



0x28 



0x2C 



0x40 



0x44 



23,7.3 



InvertColorPlane 



HcuUneLength 



LeadlnCTipNum 



LeadOtrtClipNum 



XstartCount 



0x0 



16 



0x0000 



0x0 



0x0 



OxOO 



YscaleNum 



0x01 



plane basis * 10 b ^^^nZTape^or 
bitO - 1 invert color plane 0 

- 0 do not convert 
bitl - 1 invert color plane 1 

- 0 do not convert 
bit2 - 1 invert color plane 2 

- 0 do not convert 
brt3 - 1 invert color plane 3 
Should not be changed between b ands 
Number of contone pixels - 1 In aline (after scaling) 
Equals the number of hcu_cfi±dotadv pulses - 1 
received from the HCU for each line of contone data 



Number of contone pixels to be Ignored at the start of a 
fine (from JPEG block 0 in a fine). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be ignored at the end of a 
fine (from JPEG block MaxBkxkto a One). They are not 

passed to the output buffer to be scaled in the X direc- 
tion. 



Value to be loaded at the start of every line Into the coun- 
ter used for scaling in the X direction. Used to control the 
seating of the first pixel in a line to be sent to the HCU 
Jhts value wiil typically be zero, except in the case where 
a number of dots are clipped on the lead in to a line. 



Denominator of contone scale factor in Y direction. 



Storage of decompressed contone data in ORAM 

TTie CFU reads decompressed contone data from DRAM in single 256-bit accesses JPEG blocks of 
t™Z™^o»£°~ data are stored in DRAM with the memory aSangement ish™ £ fa^^en 
m Z^S^^l ^ £ ^ Ae 50 ** 4 ^ponents are stored tfgShe 

5S2 dS 2S£? WCmL ^ ^ ** ** CFU ™* * 4 «*» ^m a single line £ each 
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4 line 
store 



ORAM word p 
DRAM word 



ORAM 



JP6G block 0 
lines 0 to 3 



255 



JPEG btock 1 
lines 0 to 3 



ORAM word p+4n 

DRAM word q 
DRAM word q+4 



JPEG Week n 
Hnes0to3 



4 tine 
store 



DRAM word q+4n 



JPEG block 0 
0nes4to7 



JPEG block 1 
fin«54to7 



JPEG Wock n 
lines 4 to 7 



191 



127 



63_ 



C3L0 1 


C2LO i 


C1LO I 


COLO 


C3^1 I 


C2L1 i 


C1L1 i 


C0L1 | 


C3L2_» 


+ 

C2L2 i 


C1L2 i 


C0L2 j 


C^3_L 




C1L3 1 





word p 



word p+2 



255 



191 



127 





C2L4 l 


.Qlt4 




C3L5 • 


C2L5 i 


C1L5 


I COLS 


C3L8 i 


C2L6 i 


C1L6 


< C0L6 


C3L7 i 


C2L7 i 


C1L7 


I C0L7 



word q 
word q+1 
word q^2 
word q+3 



ImpDes one 258 bit read of a word ki DRAM 



CX-CotorX 

LY-UneYor8bytes of a line in a JPEG btock 



Figure 108. DRAM storage arrangement for a single line of JPEG blocks in 4 colors 

sequence, as shown in Figure 108, is 



a?foUo^ s readS ^ a m 4 00,013 from DRAM The read 



line 0, block 0 in word p of DRAM 

line 0, block 1 in word p+4 of DRAM 

line 0, block n in word p+4n of DRAM 

(repeat to read line a number of times according to scale factor) 



line 1, 
line 1, 
etc 



block 0 in word p+l of DRAM 
block 1 in word p+5 of DRAM 



23.7.4 



™l!r™ c ?™P lete line in «P to 4 c °l<>* a Y scale factor number of times from DRAM before it 

Decompressed contone buffer 
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23.7.5 Y-scaling control unft 



DRAM to stogl. 256-bit .ece^ «S ^ to^n r^T"?*^ "««- "«« U reto Item 

The protoc] »<| for ^ ™ ' ™ ™» *• D ^ »™' " =locfc cyela (&M>it s per ttyete). 

W-Pkjmj^Ue lto«t to tell it whettar J^l™^ Z? 6 ""J*"" 5 W.ot «, „ d 

^teE^r'™^^ 

that writes are to occur to. " ftom ' 31,(1 a Sln e le blt (^-.buff) for the current buffer 

Xan^ ^ 
of data front DRAM to the J5^tj£!^ * ™ to write the oZbf 

*0« and rd^el gets increment jtiJZVXyS^^l" T- *" buffer ^ ^ ert ^ 
wntc the data to the output doubled" of the S t *f m the fo,,owin e cycle to 

bill ^-^asseZ*^^:^^ b ^ "O-** 

direction is thus performed. P C ° ntone ScaJm « to printhead resolution in the Y 

^^^7C^£ C ^r T ^ M iS « * - ** ^.e basis, 

both c-rrjta^fa* anT/^r^^^^^^if beared. When a 1 is written to Go, 
totted with j.je^w,. sS£toS °? "»i >LJe«/._e»», gets 

// assign read address output to DRAM 
cdu_diu_wadr[6:5) = l inet i :0 , 

" i^S^'/-^- ~ ~~. e-c h DRAM reed access 

" MocT/o n ^ bl ° C, ° the " " — •< — i- - "no or contone i n up to 4 colors 

y-scale.oount . y^Se^//^^" °» Ch f" 
Pulse RdAdvline ie_denom - y_scale_num 

« =■ 3, then . „ ond o£ _ ding , l±ne etore of c<>ntone 
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line 



2 Sa*5S=jiw — - 

curr.halfblocJc = buff_ st art_adr 
e i a if n ?7f tart - adr * bu «-«art_adr 

else lne " Start_0dr = bu "-"*«_adr 

ne.start^adr = 1 xne_ S tart_adr ♦ 41ine_off eet 



1 i ne_s t art_adr 



else 

line ♦+ 

curr_halfblock 

else 

// re-read current li ne from Dram 

else CUrr - h * lfhl ° c * = line^start^dr y - SCale - denom 
block 

curr^half block 
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Go Q 
cfu_diu_fr«q = o 
wr sel s o 



QfiSfiLQa 

cfu_diu_rraq » o 

vvr_sef = 0 
wr_adv_buff « 0 







^ idle 


1 


Go j 
Cfu_dfu_rreq 

wr^adv^boff, 

r 



c 



req 



c 



> 



cJu_dJu_rroq <* 1 
wr^advjxrff = o 



ack 



c 



cfu_cfhj_rreq « 0 
wr_sef«0 
wr_adv_butf «r o 



readl 



c 



J 



cfu_daj_rreq * o 
wr_sel = 0 



read2 



c 



gju cju fvnfffl — 1 



cfu__dh<__rreq » 0 
wr_sej= 1 
wr_adv_buff - o 



read3 



c 



cfu Ldit 



Uditi_rreq = o 
wr_adyjx/ft « 0 



read4 



> 



Figure 109. State machine to read decompressed 



jjj" g" nam «= 1 Af^p 

cfu_diu_rraq * o 
1 wr.seJ « 3 
wr_adv_t>uff 1 



contone data from ORAM 
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23.7.6 Contone line store interface 



J3 



23.7.7 



The contone line s tore interface^rov£tne mel CPU reads then, line-at-^n e 

aTs^ ^V 66 " ^ l ° DRAM b ' * C ™ - - available to 

DRAM when the CDUi^^Z^T * t ° ^ ^ CF ° ^ to ^ fo ° 

lines, it sends an cJu^J^L^Z^ Z C™ Z ZJ^^™ **** ^ 
CFU may continue reading from DRAM as laJZhuffli^ Z^jf ? mCremented * 8. The 

set while buffjines_avail is greater AanC TvS h 2 , than 0. line8_ok_to_read is 

from DRAM, the Y-scaling 0^?^^^^ 00 ™P^y ^shed reading a line of contone dam 

CDU to free up the un C SerTl^Sl £St^ - 00010,16 ^ * W «< «> 

v//>ie pulse. KAM - WJln^ava,! is decremented by 1 on receiving a 

Color Space Converter (CSC) 

latency of the co»v«t YOCb to ROT E f™* X 0 ** '° RGB bto< *- NM.Uia.lh. 

ptea.asit l^. the block. block is 1 cycle. This J,,,,^ 4^ to ^.^^ fc ^ ^ ^ 
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Figure 1 10 shows a block diagram of the color 

i color space 
i converterAnverter 



space converter. 




TZ$ — 

ybito) 



cpO 



-> cpl 



>cp3 



23,7,8 



*nvert_cofor_plane 
FHur.110. BI«*dta»»m.f, ol0 „ WC(HMlfcr 

vers.on is implemented as follows- accuracy is mamtained with 1 8 bits. The con- 

• R* = Y + (359/256XCr-128) 

• G*-Y-(183/256XCr-128)-(88^56XCb-128) 

• B* = Y + (454/256XCb-128) 



that, while j 



X-scafing control unit 

^Stn^untp^ converter and the HCU. The 

the mechanism for keeping S of S^t^ZT ft V ° UtpUt »«**■«. P™vides 

read from until it has been wriS to * buffere . ensures that a buffer cannot be 



1. -1 79 is saturated to 0 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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if (wradv == i) t hen 

if <Pixel_count ^ (max^block,blll>) then 

pixel_count = 0 
else 

pixel_count ++ 
if < (Pixel.count < leadin_clip_nmn) 

OR (pixel_count > ({max bloelr hnn t 
wr_en = o i i «*X-b lock, bill) - leadout_c Upturn) ) ) then 

else 

wr_en = l 

When a w,_e* pulse is sent to the output double-buffer, buff_ QVa il [wr ^ isset ^ . A 
The output cju_hcu_avail equals buff avatlfrd buffi WK. « l inverted. 
HCU that da* is available to be £KE ttt*^ '^^^^ ^ »■ ^ indicatcs to the 
indicate that the HCU has captured the 5£ ^J^JSS * * 
the next pixel on the data lines. <**-*cU-C [0-3] data hnes and the CFU can now place 

fetpixel isscaledby. A^IS »d Act 5^^,^ —«* * which the 

line that is sent to the HCU is scaled by. C ° ntrol * c amount b V which the last pixel in a 

if <hcu_cfu_dotadv =3 1) then 

if <x_scale_count ♦ x_scale_denoa> - x_ scale „,™ * «. ^ 
x_scale count - * V~ *-Scale_num >» 0) then 

j scale_count + x acuta j._„_ 

rd_en « 1 *_acale_<ienoni - x_scale_num 

else 



ra!~ I !-o OUnt = *- Scale -<~"« * x_sca 1 e_deno» 

else 

^scale_count = x_scale_count 
rd_en = o 



When a pul is reived, ^aUfr^ is cleared, and rd^ffU inverted. 

receive* then a ,<_*„ pulse is genratedlo^en ^^"JilTi ™***™-<*<-*><^ pulse is 
reset to 0 and x.scale.count is loaded with x^S^ * ° f CFU ' is 
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24 Lossless Bi-level Decoder (LBD) 



24.1 Overview 



the number of Unes to decon^.^oSE^* ^ < decom P res **») "-. and 
compression, the LBD can cope with any^„S7r^?f ? ° '° be ^ to priflt text * 10:1 
pass-through mode is provide? for t *f DRAM access is available. A 

50:1. Lossless bi-levef«>mp r ^Yon ^ 

which compress poorly. ? " " P3g<5 " s *«• *0-> with 10:1 possible for pages 

o^Tm^ 

unit) for the next stage in the piZiZetoc^L T 7 " ^ * ^ HCU (Halftoner/Compositor 
is used by the PCU L is avaZle^ ^oTc^ * control flag that 



ORAM 
interface Unit 



PCU 


« 


— 

LBD 







M | 
>Unit | 

Spot FIFO 
Unit 



HCU 



Figure 111. High level block diagram of LBD In context 

24.2 Main features of lbd 

Figure 1 12 shows a schematic outline of the LBD and SFU 

the LBD in SoPEC can run rmfch faster man Su^i^fis^l £° T"™* *" S ° PEC 1 * ewft » 
processing latency, to be absorbed. ^ ™* ,s 11566,1 for allowmg stalls, e.g. due to band 

^.tTt^S ^ PaL°^ ,OC 1 ^ ~ mpreSSi - P - ^ugh mode is 
enunmed number of birwScWr^o^r 8 ^ to eitb « of line or for a pre-pm- 

Icngth code, followed by pass rn^h ^ «*» is executed £ a rT 

s^sTdeT^ - Spot FIFO Unit (SFU). This 

hnes up to a programmable number of lines The smHTT St ° red in DRAM - nominally 3 
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ts^s^sr *• sfu ' s * tau -™' - «> - — «. ^ 

Kbytes of stooge. ° ™ ,U ™ :S ""J*" of stones. An A3 lino of U48B dots requires 2.4 

^LBD fimshed bond signs] is exported to the PCU and is addition^iy ..™iu» fe „> fc ^ „ J ^ 




HCU 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



J3 



Bi-fevel Decoding In the LBD 

length encodings. The encoding^ SSSSKSS Wj£T ** 



mn° i Z 9 T P 4 SSS sMfl g rn.n 




number of bits, whichever is shoncT^f^S Z TZl either end of line or for a pre-programmed 
followed by pass thmugh. The pa£ ?EE£££X!°t? T*° f"*" 1 35 a nm-Lg^£ 
than or equal to 31. ^ escape code 1S a medium length run-length with a run of less 

lh?. b | e I 1 ? 4 ', , RUn tength (RL > an «jo<"ngs 
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To enterpass through mode the LBD takes advantage ofthewav run l^«hc, k„ 
of the runlength pair is less than or equal to 31 it should be Inc^Z * u be I wntten " Usu *% if one 
Ae coding scheme of Table 104 it is still legal ££2 >**7£Zl ^ "^er under 

been designed so that if a short nmlength value is dented , 8 . n " ,ten 8*- The LBD has 

command containing this nmlength is^d* cfmSly tLrwiZe^fp^ °° Be "* h ° rizontal 

^a^e^Xb^ 
24.2.2 DRAM Access Requirements 



Table 105. DRAM bandwidth requirements 



Direction 



Read 



Maximum number of 
cycles between each 
256-ott ORAM J 



Peak Bandwidth 
(bits/cycle) 



256 1 Q:t compression) | compression) 



Average Bandwidth 
(bfts/cycle) 



— — i ' — "r^mi; u.i (iu:i CO 

1:1 """P"*™ *c LBD requires I bicycle or 256 bits every 256 cycle! 



0 1 (10:1 compression) 
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24.3 Implementation 

24.3.1 Definitions of IO 



S3 



Table 106. LBD Port List 




Clocks and Resets 



Bandstore signals 



<n ) SoPEC Functional dock. 



<n j Global reset signal. 



cdu_endofbandstore[2i ;5] 



cdu_ 



startofbandstore[21 :5] 



■d-finishedband 



I Interface signals 



17 



17 



In 



In 



Out 



^dress of the end of the current band of data ' 
256-btt word aligned DRAM address. 

Address of the start of the current band of data. 
256-bit word aligned DRAM address. 



Ibd_dtu_rreq 



LBD finished band signal to PCU and Interrupt Controfle? 



lbd_dru_radr[21:5J 



diujbd_rack 



diu_data(63.*0] 



17 



64 



dlLr_lbd,rvaiid 



PCU Interface data and control signals 



Out 



Out 



In 



In 



In 



Read address to OIU 
17 bits wide (256-bit aligned word). 



A*kno*ledoe from UIU that read request has been" 



Data from DIU to SoPEC Units 
First 64-bits Is bits 63:0 of 256 bit word 
Second64^tebits 127:64 of 256 bit word. 
Third 64-brts is bits 191:128 of 256 bit word 
Fourth 64-blts Is bits 255:192 of 256 bit word 



2E S 555 -Bdreaddata is 



pcu_addrf5:2J 



PCu_dataout(31:OI 



lbd_pcu^dataln[3l .-Qj 



32 



pcu_rwn 



pcuJboLsel 



fed-PCu_rdy 



In 



In 



SRJ Interface data and control signals 



Out 



In 



In 



Out 



PCU address bus. Only 4 bits are required to decode the 
address space for this block. e 



Shared write data bus from the PCU 



Read data bus from the LBD to the PCU 



Common read/not-wrtte sfgnai from the PCU. 



^^J^ When pcLL/oolse/is high both 
pcu_aaaran<S pcujdataout axe valid. 



K^^J^^ ^-^^^hlghitindi- 
cates the fast cyde of the access. For a write cycle this 

^TrlLT^T^ 9 5een ^ the block and 

tor a read cycle this means the data on tbd _pcu_datain 



nd 
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24,3.2 Configuration Registers 



Table 107. LBD Configuration Registers 



Control registers 



0x04 



Go 



0x1 



0x0 



A write to this register causes a reset of 
the LBD. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 



Writing 1 to this register starts Che LBD 
Writing 0 to this register halts the LBD 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go is deasserted the state- 
machines go to their idle states but ali 
counters and configuration registers keen 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset) 
The LBD should only be started after the 
SRJ is started. 

This register can be read to determine If 
the LBD is running 
(rerunning, o - stopped). 



0x10 



UneLength 
PassThroughEnable 



PassThroughDotLength 



16 



0x0000 



Work registers (ne ed to bo set up before oroc^t nL * ^ 



Width of expanded bMevel Tine (in dots) 
(must be a multiple of 16 bits). 

Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatible with PEC1. 



Number of dots for which pass-through 
mode wffl last. If the end of the line is 
reached first then passthrough will be disa- 
bled. 



0x14 



0x18 



NextBandCurrReadAdrt2 1 :5] 
(256-btt aligned ORAM address) 



NextBandUnesRemaining 



17 



0x0000 Shadow register which is copied to 
0 Curr&eadAdrwhen (NextBandEnable r 

&Go* 



15 



0x0000 



-0). 



NextBandCurrfieadAdris the address of 
the start of the next band of compressed 
bMevel data in DRAM. 



Shadow register which Is copied to Lines- 
Rematnlng when (NextBandEnable == 1 & 
Go = 0). 

NextBandUnesRemaining is the number of 
lines to be decoded in the next band of 
compressed bMevel data. 
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Table 107. LSD Configuration Registers 



0x20 



Next Band EnaWe 



Wofk registers (read only for external 



0x24 



0x2C 



0x30 



0x34 



access) 



0x0 



0x0 



Shadow register which is copied to Pmv- 
UneSource when (NaxtBandEnabte = 1 

& GO ==: 0). 

1 - use the previous line read from the SFU 
for decoding the first line at the start of the 
next band. 

0 - ignore the previous line read from the 
SFU for decoding the first fine at the start 
of the next band (an all 0's line Is used 
Instead). 



If (NextBandSnabfe = 1 & Go «= o) then 
-NextBandCuaReadAdrls copied to 
CurrRaadAdr, 

•NextBandUnesRema/ning is copied 
to UnesRemaining, 

-NextBandPmvUneSource is copied 
to PfBvLlneSovrcG, 
-Go is set, 

-NextBandEnable is cleared. 
To start LBO processing NaxtBandEnabte 
should be set 



CurrReadAdr(2t.-SJ 
(256-bit aligned ORAM address) 



UnesRemaining 



17 



15 



CurrWrfteAdr 



15 



The current 256-bit aligned read address 
withrn the compressed bWevel image 
PRAM address). Read only register 



Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read only register 



1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next band. 

0 - Ignores the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an aJf 0's line is used 
instead). 

Read only register. 



The current dot position for writing to the 
SFU. Read only register. 



Indicates whether the current line is con- 
sidered to be the first line of the band 
Read only register. 



24.3.3 



Starting the LBD between bands 

The LBD should be started after the <?FI r tk« rnn- „ . 

bi-level data, a decode line X ? r0g, ? uned ^ * **** address for the compressed 
rhCre arC 4 mechanisms for restarting the LBD between bands: 
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G^b^ rPH ° aUSeS 311 in ! Cmipt t0 CPU - 71,(5 LBD wi » stopped and cleared its 

LBD restarts immediately C,CarS G °' NextBandE ^le is already set so the 

c The PCU is programmed so that Ibd Jinishedband triceers the pr i r »„ »™ . , <. 

DRAM to reprogram the LBD's N^LndC^^Zf^ ^ I 2 «ecute commands from 

commands in DRAM ready fo^xeclon »* storc "and 

commands from DRAM. ^D^^^^*^^^ *«* 
mands from DRAM. The PCU commands pro-am * e LBD'^L« } fetched com- 
BandEnable for the next band. P™*™* C LBD s shadow and sets Next- 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 113. 



ORAM Interface Unit 







L i 


a 

to 
x> 


•is 

(0 
T 

e 
£ 


1 control 






M7 


J r 1 


r 





Stream 
Oecoder 



^pass_UvDugh_doClenflth 



2> 



15, 



pass_throuflh_enabte 



prev_line_aowoa 1 



fines^nsmatninfl 



losstass bl-levtj J 

I 
l 
I 
I 
I 
i 
I 
I 
I 



Register and 



6ne_tength 



Command 
Controller 



15. 



fod-finfehedband 



^control ^ 
« ao % 


. 1 ' 

Next Edge 
Unit 






4k ' 



Une FN 
Unit 



End of Band 
Unit 



sftjJboLpldata 



sfu tt d rfy 



data 



data valid 



1$ ibdi_gfu^wtfa^ 



Previous 
Line Suffer 



Spot FIFO 
Unit 



wdatavalk 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bi-level decoder 

The LBD contains the following sub-blocks: 

Table 108. Functional sub-blocks In the LBD 



mmmm 




Resets 




Stream Oecoder 


A«essesme b.-level description from the DRAM through the DIU Inter- 
face. « decodes the bit stream Into a command with arguments whic^ i, 
then passes to the command controller 1 °° " 


Command Controller 


HS? 9 » C T nd fr0m the 8ttMm dec ^er and provide the HnelT" 
om J it*** °° ,0r «<> mi the SFU Next Une Buffer. It afeo 
provdes the next edge unit starting address to took for the next edge 


Next Edge Unit 


icans mrough the Previous Une Buffer using its current address to find ~ 
the next edge of a color provided by the command controller. The next 
edge unrt cutouts this as the next current address back to the command 
controller and sets a valid bit when this address Is at the next eaTe 

r™a frfnf Une 8uffef "** a "** Uom «* address up to a " 
limn address. The color and limit are provided by the command con£Jf« 


Line Fill Unit j 
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Naming of signals and logical blocks are taken from [18] 
24.3.5 Registers antl Resets sub-Woe* description 

line regardless of what the out of the SFU is. ^ ,s rccei ™g "ros for the previous 

SSSSStr^ZStT usedby thercstof theLBDand the Ctjbit 

24.3.6 Stream Decoder Sub-block Description 

^S^TS^^l^^^SSS f r t ^ - * e DIU (single accesses of 
the empty space created by the ban*. iTSSST ¥ ^ ^ *- *" FIFO to 811 U P 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14. 
| ORA M Interface Unit "J 




Figure 114. Stream decoder block diagram 



24.3.6. 1 DecodeC - Decocfe Command 

The DecodeC logic encodes the command from bits 6 0 nf tU* Kit 

mands: SKIP, VERTICAL and RUNLENG^S u^ f b " Stream to out P ut one of three corn- 
consumed, which feeds ba£to 5X22S ^ " ^ * hOW many bits 

as a medium runlength this S £2SJSiS5Sr22? ^ " ? *» 3 1 • Cncoded 

length is decoded completely theLB^mv r^or^J ho " zo ? aI command containing this run- 
be a number of bits tha? represent un« P ff- TI ™°V G "™d°- Following the runlength there will 
all these bits have ^Z^S^^^J^ ™ U «V «■ WaSJHKWeWmpd. until 
or the line ends, which ever comS fS ^ ^ ^ 3 PTOgrammed numb « °™ts is reached 

24.3.6.2 DecodeD - Decode Delta 

TheDecodeD logic decodes the run length from bits 20..3ofthe bit stream If n~~un- a ■• 

bcal command, it will cause DecodeD to put constants of /rhl.lT ° cc ^ c * decoding a ver- 

15 bit number, which is generally cowd££££^£ w ^ ^ ° UtpUt - ^ ° Ut P ut is a 

** «* - A4 page and 1*9488 M^^SSml SZZT* T °* " 1 3824 
P ^ if; /0 *J» a 2 s complement r epresentation of -3,-2,- 
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">d the w corneal ~"~ reeps ° r0 * -» «*» •» U* current color 

24.3.6.3 State-machine 

™F^S^^^ ft "^ D ^ to — is enough free space in 

mand controller K^T^^T"^""^^^ 

memory addressing). OihcZi^ ^Tr,Z ^ , ^ W " fa SCari -°f-b an d-ftore (circular 

DRAM word size. so mat the distance between them is a multiple of the 256-bit 

EZ^cZSZ a SA7P COnMnand ' 4116 — «*"■ P^des two ^ mstrucdons to 

— <~Se^^ - 'engths are passed to the cc m - 

pass^andthestateLchmesS^ 

fetch from the command controller another M/MF^™J?3 In me second *n*™ction 

Command Controller Sub-block Description 

ing address to look for the t edgf and b iSln^ *" ^ «*» «* with a 
eob_cc signal that is passed HeTeSfu^hT^ ^ Wd ° f ,me *** * eneratin * 016 

Une and the first chaiSeleln'eSonSl^! the reference or starting changing element on the coding 
respectively * & " nfaeaC ' ,me t0 * e ri S ht <**<> of the opposite colorTa!) 



24.3.7 
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stream decoder 



end of band unit 



go.fbd 
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end_of_i)ne 1 
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ne undone 
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«0 . 

first_flu_ write T 



s 
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Figure 115. Command controller block diagram 



3J 



24.3.7.1 State machine 



The following is an explanation of all the states that the state machine utilizes 
i START 

(Next Edge Unit), the ^^^^^ ^ °° ^ «* ™ 

X AWAIT J3UFFER 

The NEU contains a buffer memory for the data it receives from th P <zm r *u 

enters this state the NEU detects thi« *nH c^^TI !*r - T ™ ° SFU * When *** command controller 

Hi PAUSEJCC 

SSS^nS! ? 1 * b | p0SSiWe fOT ^ FIFO iD Strcam decoder to 9* of data if the 

uecoaer; or \fsjujbd_rdy goes to zero and that the LBD needs to nan** Pjr/vr? r*r* u Jf • 7\lTT 
iv PARSE 
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When in this state the command controller can receive one of four valid commands- 
a) RunJength or Horizontal 

ouogu into the KAlrj>ORJOJNLENGTH stu 

while this occurs P ° m * command controller 

Ay> Vertical 

When this command is received, it tells the command controller that in th*„ • .• • 

change from the current color to opposite of theam^Zr T. P WOUS hne ' " needs to a 

the current position in the previous toe for £e n^TL k ' J* 6 00,01 is white " '°<*s from 

'^Itisimportanttono^ 

element on the previous line for a ^SSST^T ^ CUrrent hne * relative to the changing 
correspond^etwobitse^ 

^ Skip 

^ fO Xt^Se^ O ^l^ d Sr (0) C ? mmandS ^ — * current line is not 
that the command conSr^a^e^f^Sm ^ »" ^ ** «»»» * 

the current color in this case. ^rft«z/(0) commands and has been coded not to change 

d) Pass Through 

cycle mat is uses to construct 

LBDcan recommence ^LJSS^S^SS^A ™ *» *"» *" 

color as the last bit in un-compressed I date s^%« M, °f pass throu e h mode is the same 

command controller «,* ' TZZZT. f 355 mr0Ugh mode d °« not need an extra state in the 
cessed in one clock cycle ^ C ° mmand reCMved from * e decoder can always be pro- 

v WAIT_FORjaJNLENGTH 

XtISS ouTalfT bS ^ ^ thiS ™~ *- Fill Unit 

clock cycle the command c2.2^ lo ISi^T^ RUN ^NGTH. After the first 
LENGTH data has ™co23h « WAIT_FOR_RUNLENGTH state until all the AC/AT- 

controller will re^othe^Ts^T * iS n<>t Cnd ° f *» Une the 

command 

w WAJT^FOR JfE 
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vii FINISH JLINE 




Figure 116. State diagram for the Command Controller (CC) state machine 
24.3.8 Next Edge Unit Sub-block Description 

NEU or^rZl «n i ixw* ^ det ^ te<L The Lmc ™ Unit uses this result to construct the current line The 

2^2S^jS W ° r ? ^ * 15 ? S f ,C that is n ° in the current 16 bits in toe iSttfc 
this case the NEU mil request more words from the SFU and will keep searching for an edge. It will co£ 
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Table 98. CDU registers 

HI 

0x14 ~^TMaxBJock 



13 



BuffStartAdr 



15 



OxOOO 



0x0000 



0x1 C 



BuffEndAdr 



Points to the start of the decompressed contone ctr- 
cular buffer m ORAM, aligned to a half JPEG brock 
boundary. 

A hajf JPEG block consists of 4 words of 256-bits 

TSS£ 32 COnt0ne pJxete ,n 4 "-e. naif 

a JPEG block. 



15 



NumBuffUnes 



Points to the start of the last half JPEG block at the 

mau « de ? mpressed ^to" 6 arcular buffer in 
DRAM, aligned to a half JPEG block boundary 
A half JPEG block consists of 4 words of 256-bfts 

W ,° Q U J£ *! h0W 32 oontone P lxe,s in 4 colors. I.e. half 
a JPEG block. 



OxOC 



Defines size of buffer in DRAM in terms of the 

of ^co^Pressed contone lines. The size of 
the buffer should be a multiple of 4 lines with a mini- 
mum size of 8 lines. 



0x0 



NextBandCurr- 
SourceAdr 



Determines whether or not the JPEG decoder will be 
bypassed (and hence pixels are copied directly from 
input to output) y 
0 - don't bypass, 1 - bypass 
Should not be changed between bands 



NextBandEnd- 
SourceAdr 



0x0,0000 



lto25Mit aligned word address containing the start 
DRAM** ° f C0mpressed a"*™* data In 
TTiis value is copied to CfcrrSouree/ttrwhen both 
^Bandis 1 and NextBandEnabte\s 1, or when 
Go transitions from 0 to 1. 



0x36 



NextBandValid* 
BytesLastFetch 



The 64-blt aligned won* address containing the last 
bytesof the next band of compressed contone data in 

This value is copied to EndSourceAdr when when 
both DoneBandis 1 and NextBandEnable is 1 or 
when Go transitions from 0 to 1. 



0x3C 



NextBandEnable 



Read-only registers 



0x0 



Mask containing a 1 in each bit position that repre- 
sents a valid byte in the last 64-bit fetch of the next 
band of compressed contone data from DRAM 
TOs value is copied to VafidBytesLastFetch when 
both DoneBandis 1 and NextBandEnable is 1, or 
when Go transitions from 0 to 1 . 



When NextBandEnabfelsl and DoneSanC is 1 then 
when cdu__finlshedband\s set at the end of a band 
-NextBandCurrSourceAdr is copied to Curr- 
SourceAdr, 

-NextBandEndSourceAdr is copied to EndSourceAdr 

-NextBandValidBytesLastFetch Is copied to Valid- 

BytesLastFetch 

-DoneBandis cleared, 

-NextBandEnable is cleared. 

NextBandEnable is cleared when Go is asserted 
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Ta *>te 98. COU registers 



OxO 



0x44 



Corr Source Adr 



17 



0x48 



EndSourceAdr 



19 



0x4C 



ValidBytesLast ]g 
Fetch 



0x0_0000 



0x0^0000 



0x00 



Specifies whether or not the current band has fin- 
•shed toading Into the local FIFO. It is cleared to 0 
when Go transitions from 0 to 1 
When the fast of the compressed contone data for the 
band has been loaded into the local FIFO the 
cdu_finishedband signal is given out and the 
Oonefiandflagisset. 

VNaxtBandEnabte is 1 at this time then Curr- 
SourcaAdr. EndSourceAdrand ValidBytesLastFetch 
are updated with the values for the next banTaiS 
OoneBand Is cleared. Processing of the ne*bWd 
starts Immediately. 

CDO will eontmue to run. decompress.no the data 
NaxtBandEnabte to be set before tt restarts 



^.r,^ 1 ^ word address within the" 
current band of compressed contone data In DRAM 



T^J 4 '™ a " oned "O" 1 *ddress containing the last 



JPEG decoder core set up registers 
0x50 



Mask containing a 1 in each bit position that reore- ' 



0x54 



0x58 



0x5C 



JpgDecMask 



JpgDecTType 



JpgDecTestEn 



JpgOecPType 



0x00 



0x0 



0x0 



JPEG decooer core readonly stat^m^^ 



^ S /S^ nt ? f 8 decoded they can also be output on 
*e Oeo/pp (^OecWdr) port with the user sefe^Z 

iz^sss" * ,n ^ 

4 SOF+SOS+DNL 
3 COM+APP 
2 0RJ 
1 DQT 
ODHT 

^r S oT fl e nH pn, bitS i f iTODecMask * asserted then 
Z ~ P-sed to the 



Test type selector 

? " S2If° effidents Splayed on JpgDecTdata 
1 - QDCT coefficient displayed on JoaDecT^t* 



Signal wmcti causes the memories to be bypassed" 
for test purposes, rH ^^ 



^^Sf 0 ^ 0 P ammet ers to be placed on port' 
JpgDocPValue (See Table 99), 



JpgDecHdr 



0x00 



Selected header segments from the JPEG stream ' 

uXTsr efn ° decoded - s ~ ***** 
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Table 98. COU registers 




0x64 



0x6C 



Jpg DecStatus 



13 



22 



0x0000 



0x00.0000 



13 - TSOS output of CS1650, indicates the first out- 
put byte of the first 8x8 block of the test data 
12 - TSOB output of CS1 650, indicates the first out- 
put byte of each 8x8 block of test data. 
11-0-11 -bit output test data port - displays OCT 
coefficients or quantized coefficients depending on 
value of JpgDecTType. 



Decoding parameter bus which enables various 
parameters used by the core to be read. The data 
available on the PVaJue port is for information only 
and does not contain control signals for the decoder 



22.5.3 Typical operation 



Bit 21 -/pflLcortLsto// (if set indicates that the JPEG 
core is stalled by gating of jcfk as the output JPEG 
haffbkx* double-buffers of the CDU are full) 

tl^J*^™*** CTt,,s signal 18 out P* from 
the JPEG decoder core and is asserted when a pixel 
Is being output p 
Bits 19-16 - ^contents (FIFO at input of JPEG 
decoder core) 

?£it>°, are i P P deCOder status the 
CS6150 (see Table 100 for description of bits!. 



The CDU should only be started after the CFU has been started 

/Lines. Users then set the CDU'« oTw»^» - ^ . BuffStartBloehidr, BuffEndBlockAdr and NumBuf- 
fortheband^fi^ 

indicating that the m^o^^ f ^^'^ he f and m ^ ™ U be to the PCU and CPU 
band of contone data. ^ 0ana ,S now *«• Processing can now start on the next 

^.^S ^^f*^^ lie PCU to ex«a,,e Co™™* 
BanAVnlMJ*:,* me , "extVandCurrSourceAdr, NextBandEndSourceAdr and Next 

d. This is a combination of b and c above The Pn t rw wu . ■ ^ TT . 
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22.5.4 Read control unit 
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receiving the data from te£^7r^^Z™»™ *». DRAM » **» 256-bit accesses, 
accesses to ORAM is described in section 20 9^ on f ^ aDd timing for read 

by means of the state machine described mFi'g^Toh t0 DRAM "* ^P^ted 

it whether* attempt to reJ E2SE££! iS^X^/jS-^ 1 ?^ 1 * t0 
does nothing. When DoneBand is clear tiJfJmtmZ u DoneBand is set, the state machine 

up to 256-bfts at a ^acTalS^ 1 ?^ 0 ^ T ** ^ ™° 

knowledge about numbers of blocks or mS^SSL^L^' fl ^ *** machine has n ° 
by consecutive reads from D1UM m JS?«^5SlT " mere,y k kee P s the JPEG input FIFO full 
atleastatmepeakDRAMreadhaud^ 

* F"^^^^ — I sent to the 

^bit values « fiSSS KftK^ 

" *~ nM ^ -O*^. then 

whether curr sourcTadr also eaual TZJU^L £ " <*rr_source_adr + I, depending on 
FIFO is 0. ~ "^-^ 8180 ^ ^/Jamfctore. The ««f.o/_W signal ^ 

curr_gource_adr is output to the DIU as cdu_diu_radr. 

A count is kept of the number of 64-bit values in the FTFrt wi,.- j- 

0. data is written to the FIFO by SSlS d,u cdu_n,alid ,s 1 and /gn OW _rf ata is 

incremented. V 8 ^ /oW> * ^fifo contents [3:0] *^fifo_»r_adr[2:0] are both 

» -erted to indicate that there is data available in 
data from the FIFO. No^ttal °o "o2bl" I Y^SSSSS^f * " ~* t0 "*» 
ister to 1. In this case data is sent direcOv ftom^FITO to t^t ^ 7! KfTl^ re S- 
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Reset QRpfRt n~ft 
cdu_diu rreq = 0 
igrtore_data « 0 




cdu_diu_rreq » 0 
lgrtore_data « 0 



ftirr fionrnn adrf afnf | B 0trr ^ ftdrT1fl;ai 



anp rd count 



Ignore Jdata - 0 



< 



idle 



< 



> 



DonaBAfiri o 



cdu_dlu_rreq e 0 
Jgnore^data - 0 



req 



c 



«fti_diu_rreq a t 
tgnore_data *= 0 



ack 



gju cdii 

cdu_diu_ 



_ iu_rreq rzO 
fgnore_data « 0 



read ^ 



cdu_cfiu_freq = o 
ignore_data = 1 



Figure 101. State machine to read compressed contone data 



22.5.5 Compressed contone FJFO 



em/ o/ bit is 1 if thi« u th~ u rt a 7 H. * * f P^ed in from the read contro unit The 

When ^ Jw/l^^TS^ ^ T"? band ' 8,1(1 0 if h is not the Iast •nuX 
sion of the sa^e. * * * ra '^«^^/cA register is also copied to an image ver- 
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FIFO (as a, additional effect of Z* ^ STh^ non nmbS TTI^ ^ ^ read *» *■ 
tone data must be more than 4 x 64-bits, or 32 by^ ta kS) *" band of ^ 

22.5.6 CS6150 JPEG decoder 

££ S^^stS^^ by m rr ? a modified version ° f a»h*» CS 6i 5 o 

which a gated version of the system Tock Zl^iZ^T ^ ThC 0016 * c,ocked b ^'* 

JPEG decoder on a single coloTp^-oy^eTbasS^nntl 2£ I f * fOT ^ me 

the PixOutEnob input to the JPEG decX ttiS^E? ^ ,f ° W ° f V** " 2150 P rovided b V 
block boundary and is insufficiemfor 7Sc ^ZZ^c if I T"l ^ ° f OUt P Ut * a ™Q 
instead tied high. ^ gatUlg of clock ,s «»ployed and PixOutErmb is 

«™ ™» and uses 

rS*» restart interJSon^S?^^ 

the JPEG bytestream automatically detecri™ a ^ ' scan Headers. The decoder parses and checks 

fying the JPEG segments SS^tS^ZS^Sfn t° ° * After identi - 

. as appropriate. Any errors detected in SetySrtn^ ^ST^T* * * M * prOCCSScd 
^edand.iranerrorisfound^^ 

Lines (DNL) marker at the end (noX'ectsly^^f^ tt^ *" * *?" 

length as this is a modification to the^re * ^ marker m ,mageS of m <« 64k lines 

Pixelsmmec.rrectco.oro^rdata™ -8 blocks of 

The following subsections describe the means by which the CS61 50 internals can be made visible. 
2Z5.6.1 JPEG decoder parameter bus 

ttasrasssj',; rirr?£ -r — — — « « 



Table 99. Parameter bus definitions 




FX: number of columns in frame 



YMCU: number of MCUs in Y direction of the curreT^^T 
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Table 99. Parameter bus definitions 



0x4 



0x6 



0x7 



00_XMCU[13:0J 



CsO[7:0]_Tq0[1 :01_VO[2:01 



Cs1[7:0LTq1{1:0LVl[2:0J 
_H1[2:0J 



Cs2f7:OLTq2[1:0]_V2[2:0] 
_H2(2;0J 



0x8 CsH{15:0] 



0x9 CsVT15:0j 



000_HMAX[2:0J_VMAX[2: 
0L MCUBtK[3:0LNS[2:0J 



XMCU: ^^g^gx^^^^^^ 



CsO: identifier for the first scan component 
TqO: quantization table identifier for the first scan compc- 

viJe^T^" 9 ***** f,rStSCan ^P^nt. 

nUn!™^ ° ntal f^" 9 factor for lhe compo- 
nent. Values = 1-4 



Cs1. Tq1, V1 and H1 for the second scan component 
V1. H1 undefined if NS<2 



Cs3. Tq 3 , V3 and H3 for the second scan component " 
V3, H3 undefined if NS<4 



HMAX: maximal horizontal sampling factor in frame 
Mr^HQi T"™! V6rtiCal samp,in 9 ^ in franie 
from ^iS^ ^ MCU 0f ^ current 

NS: number of scan components in current scan, 1-4 



22.5.6.2 JPEG decoder status register 

The status register flags indicate the current state of the r^l <cn 

ing the decoding process, the decompresidon^cessS **, b dCtCCted dur ' 

sent to the CPU by asserting <aft/ /™ / the JPEG decoder is suspended and an interrupt is 

the JpgDecStatus renter t5^?im ™?J ^ ° heck source of error by reading 

high to indicate an error coS£! ^ " t0 « 31 *» d 

is required from the user If anv of the oth«- ~ • , T Unage 3,1(1 so no intervention 

ceUation. the core wil, 5£K£S SrS^S^^^^r^^ 

more errors. btait ° f Ima S e (SOI) without triggering any 



C^l 00 ' ^ deC ° der status re 9 |ster definitions 
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Table 100. JPEG decoder status register definitions 



HtError 



QtError 



OecErrof 



Set when an invalid DHT segment is detected. 



Set when an invalid PQT segment is detected. 



IDctfnProg 



Dec J n Prog 



JpglnProg 



Set when anything other than a JPEG marker is input 

Set when any of DecFlags[6:4] are seL 

Set when any data other than the SOI marker is detected at the start of a stream 
Set when any SOF marker is detected other than SOF0 Set if incomotete H.iff 
man or quantization definition is detected. incomplete Huff- 



22.5.7 



^nafSs^n^r^r 6 ^ *° S ' 9SOS < S,art * Segment) 



Half-block buffer interface 

to stall the JPEG decoder core Jtaa^^^S^'lL' 1 !^ ™ S rc<,UirCS - to * aWe 
P«el). We provide a mechanism for staE ^JKSE! 5 ^T^' ' e »** 32 P*<* (8 bits per 

half JPEG blocks to decouple "sponsible for providing a set of double buffered 

DRAM (write control unit) XuSa^MiS^^^ f°™ ta JPEG blocks to 

only a single color plane. Data exits KE£! ! oSeS ** ^ * * qUantities for 

-^^^0^ ° f 2 Sin8lC ,PEG b ^ - — -p,e 



ptx_oui_vaJW — 
jpg_core_sta!l <4- 



Jdk_enabJe 



ptxeJ_data - 



c buffo r Interface 



half-block buffer 
select unit 



contone 
plane 
buffer 



64 



j£_adv_haff_btock 
— rd_adv 



halLWock.ok^to^read 



cdy_diu_data(63:0] 



Figure 102. Block diagram of half-block buffer interface 
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2Z5. 7. 1 Half-block buffer select unit 



S3 



J5^ll^ 0f each hal^loCc buffer: fc^^y ^ 

single bit (w.*^ fo ^ ^T^£ fo ;* ec ^nt buffer that reads are to occur from, and a 

MU**trtJu£ equals ITaXZ T " t0 T ^ ^ ° UtpUt value 
buff_avail[ W r buff] When cn ~ J^?l\.C P\ ™ C ° UtpUt ^ JPS-COKjtall equals 

thf production o52SSdSSSS ^T^fuf 6 ^ COrc " gated off so 38 «I 
output from the CDU. ml tellTfkZ^ ""^ ,n me CPR block under control of th ey c/*_en«A/e 

mented whenever nL LTZuZ \7\ T?T_ or pUCete recelved from JPEG decoder core. It is incre- 
pixel_count[4:Q) is 3 f, b^ff^aUfi ^T^eTZ *" ^ ^ 

/>*-™0«/tfA^ T^' ™* output equals 

ANDed with ^ JPg-COre.stail. The output r^n equals haI/^b!ack_ok^^ad 



22.5.7.2 Contone plane buffer 

^ch^>ntone plane buffer consists of two half JPEG block buffers as shown 



in block diagram form in Fig- 



rd_buti_ 



rd_en, 
wr_buff^ 



pixeLdata. 



plxeldata 



JPEG 
haJf-block buffer 0 



rd_en 



pixel data . 



JPEG 
hatf-bJock buffer 1 




~> ocJu_<flu_data(63:0J 



contone plane buffer i 



Figure 103. Contone plane buffer interface 

leeteei a the rta shift ^iaer in stb?™.n«i. * second shift register is 4 entry x 64-bit. Data is col- 
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22.5.8 Write control unit 



4 fine 



ORAM word p 
» 

DRAM word p+4 



DRAM 



JPEG block 0 
lines 0 to 3 



4 ling 



DRAM word p*4n 
■ 

DRAM wordq 
DRAM word q+4 



DRAM word q+4n 



JPEG Woe* 1 
lines 0 to 3 



JPEG bfock n 
fines 0 to 3 



JPEG bfock 0 
lines 4 to 7 





!L0 i CjU> i C< 


10 


CjL1 i C; 


Lt I CjLI i a 


ILT 


ciu 1 Ci 


L2 I cju t a 

« — *— + — • — < 


iu 


C3L3 i C2 


J-3 I C1L3 i CC 


F 

>L3 



word p 
wordp+l 
word p+2 
word p+3 



JPEG Wock 1 
fines 4 to 7 



JPEGbJockn 
fines 4 to 7 



a 


«-4 i C*L4 i CjU i D 


0 

IL4 


~c 


LS i ci_5 ! c|l5 ! q 


>L5 


a 


iu j cite i cju ! a 


16 


ca 


L7 1 C2L7 l C1L7 ! CC 


L7 



wordq 
word q+i 
woxdq+2 
wordq+3 



► Implies 4x64 bit writes to consecutive 

words In one DRAM rowr^STstSte 
CDU access to DRAM * 

CX > Color X 

LY - Une Y or a bytes of a Roe in a J PEG btock 



Figure 104. ORAM storage arrangement for a single fine of JPEG 8x8 blocks In 4 colors 

£^M D ^ 4 sepa^y in 

fc^owanacorres^ 

bloc* 0, color 0. line 0 in word p bits „_„, llne 1 ^ 

line 2 xn word p + 2 bits 63-0. line 3 in word p*3 . bits 63-0. 
bloc* 0. color 0. line 4 in word q bits 63-0. line 5 i„ word q*l bits 63-0 

Ixne 6 xn word q + 2 bits 63-0. line 7 in word q* 3 bit- 63-0. 
block 0. color 1, line 0 in word p bits 127-64. line 1 in word p + l bits 127-64 

line 2 xn word P+ 2 bits 127-64, line 3 in word P+3 bfts 12 7 64. 
bloc. 0. color 1. line 4 in word q bits 127-64. line 5 in word q + l bita 127 . 64 

Ixne 6 xn word q + 2 bits 127-64, line 7 in word q+3 bits 127-64. 
repeat for block 0 color 2, block 0 color 3 
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the individual bit write innute „f 7,5 ,Z ™ W,uch should not be written are masked usine 
only 64 bits out of the 256-bit access toX^ v2 L C ° nt ° ne from *" CD " 

by the DIU. Tins means that the decomoressedco^o^?, remaining bits of the write are masked 
write masked accesses ,o 4 consecSSS 15££&£Z%£ * 4 ^ bi « 

cycles. All counters and flags should be cleared afterre^f^ ^ ^ * * timC ' 4 x 64 bits over 4 
and flags should take the£ initial vSue ^Wlf L 2^ ^^T*™ from 0 to 1 all counters 
*°Jf_block_ok_ to _read and line store ok JvriL fltfn v* f\ ** *"* machine ^lies on the 
block to DRAM. Once the halfWolk b^erTn tJrT * l ° """"P* t0 ^ » half JPEG 

requests a write access to DRAM S^^T^J^? * JI J 0 Wock ' * e niachS 
ing to the first 64-bit value to be writteHS ,di ^tTt STS* address - ^.respond, 

access of 4x64 bits is issued by the CDU lS Dm"? ( X 1,16 6x31 value in each 

fourth 64-bit values). The -~Li£»^^S£!^ f?"? f ° r *• sec ^ «d 
mg a read of 4 64-bit values from the half-block "tafeSJS k ^ ^ * C DIU ini t*t- 
put cdu^diu.wvalid is asserted in the cycle after Y rd - adv for 4 <* cl <*- The out- 

*e oftuftuto bus and should wS, to tt^S"* 10 - DIU *« ^ ^ is on 
is then sent to the half-block buffer^terface to iS* l '* DRAM " A ^-^''/-^pulse 

// fission write address output to ORAM 
cdu_diu_wadrf6;5j . 00 // 

corresponds to linenumber, onlv fi™*. 
// issued for each DRAM^ess Thu* li 1 T iS 
-^^14,3, - color " ^ — - If^S^^ °" 

if (half == i) then 

cdu_diu^wadrr21:7J = U pr halfblock Arfr- y/ . 

cdu_diu_wadr 121:7) 3 lwr_halfblock_adr // frtT . 

// for Xxnes 0-3 of jpeg block 

// update half, color, block and addresses «fr er ^ u ^ 

<rd_adv_half .block i) then 0RAM Write access 

if (half « i) then 
half = o 



if (color == max^piane) then 
color * 0 



if £TUi5a£ oew then " - d °* -i ti „ 0 . line of JPEG blocks 



block = o 



upr_halfblock adr = buff a t sr r~~7 e 

upr_halfblock_ a dr = buff sta^t ^ bu "-^adr, then 

else — 
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else Upr - halfblo <*-*<* = upr_h.ifblocK_.dr ♦ n_x__locR * 2 
block ++ 

else UPr - halfbl ° C ^ adr ** " — t. -ddress for lines ,- 7 for next bl<Jck 

color 

else 

half = l 

if (color == max_plane) then 

if (block =» __*j, lock) then „ end o£ a ^ jpEG bioc ^ 

// update half block address for start of „__._+ , , 

^i=iS2^^__s_~-^ , 5!t- , " 

lwr_halfbiock_adr = buff start adr ^r__enO_adr) then 

else "~ 

lwr.hslfblock.edr = lwr_h_lfblock_ a _r ♦ ma^block + 2 



else 

lwr_halfblock_adr + ♦ 



// move to address for lines 0-3 for next block 
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GO r=Q 

cdu_dlu wreq = 0 
cdu_dtu_wvaB0 «= 0 
n*_adv - 0 
rd_adv_half_bfock e o 



Bgaaimgsi n — n 

c<Ju_diu_wreq = 0 
«fu_d/u_wvaW = 0 
rd_adv «= 0 

C reset ) 



idle 



c 



cdu_diu_wneq a 0 
cdu_dju_wvaJrd e» o 
fd_adv = o 

rdLadv^halLbiock «= 0 



req 



c 



> 



aJu_d fu_wreq * 1 
odu_dHj_vwaiJd 3 o 
rd_adv»o 

rt„adv_ha^btock - 0 



ack 



c 



J 



cou_jdiu_wroq » 0 
cchj_diu_wvaud = 0 
rd_adv = 1 
rcLadv_haJ{_bkx* » 



read 



c 



J 



cdu_dlu_wreq =0 
cdu_<fiu_wvaftf « 1 
rd_adv = 1 
fd_adv_half_Wcx* « 



write 1 



c 



J 



cdu_diu_wreq » 0 
cdu_diu_wvafid » 1 
rd_adv » 1 
nd^adv_ha«Lbk)ck » 



write2 



c 



y 



cdu_dlu_wreq e 0 
cdu_dfu_wvaud « 1 
rd_adv o t 

rd_adv_half_Wock» 1 



write3 



c 



cdu_dlu_wreq «= 0 
cdu_diu_wva5d ° i 
rd_adv m 0 

rt_adv_half_Woc* = 0 



write4 



> 



Cdu_dlu_wroq = 0 
cdu_daj_wvaTid » 0 
rd_adv a o 

rcf_adv_ha!f_Wock = 0 



Figure 105. State machine to write decompressed contone data 
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22.5.9 Contone line store interface 

The oonfcoo line 1SJ color plan* „d the CFU nods .hero lioo-.w-ttmo. 

write to. Thus the size of the line no akTT ,TC^ now becomes free for the CDU to 

line store interSceTfi luf« !S * a multi P le of 4 ™- ~"m size of the 

scheme while ^ *" « 12 * * « buffer 

Sreotn SSJJSJ I tt^^f^ * ^ * ^ ° f *» of "» 

set to the value of «J TL^Z £ SSS^ ?T ^ ^ ° t0 num - li ™-°™l 

available for 8 linJlnSidZk^t^L^ >1 ^ t0 to as long as there is space 

writm g 81 m es.mewri t " the CDU has finlhed 

CFU, and num lines avail is decremented hJ 7 S C lme stwe mterface ^ 1,1,5 

/«e^_ 0 ^ 0 _^ e «t aiain. ^CFU is finoLhSl ^ ** ^ waits for 

priately. and senos its own ^rfv/Si to Ae CD^ 
it^shesreadingmem.^^^ 
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23 Contone FIFO Unit (CFU) 

23.1 Overview 
23.2 Bandwidth requirements 

^o^X^HC e u COnt ° ne ^ ^ DRAM ^ en ° U « h to -* *• rate at which the contone data 

SSSSSKS? Son t faCt ° r (SF) „ n T ber ° f ^ fa * X and Y .ale 

direction is peiforrJTS^o^^r^^ TP? * J?" **" Rc P lkation in X 
tion is performed by the CFU rLin* e2h Z?™ I?™* ^ WM * rc P lic *™ in the Y direc- 

DRAM. The HCU generates I ^SSS^i^Tf" ° f T* f" 0 ^ 8 t0 fact <* 
1 side per 2 second TfoSleed A4^e r nrintinl S, P %pm ^ Cyde '° ***** a P rint of 
color contone pixel (32 bits) even, ^Sf™ r J'T' ^ ^ to be ^P 1160 ^* • 4 
from DRAM at S.33 bits/cycle* ^ f ° r 4 001015 at 267 W me C ™ »«« read data 

23.3 Color space conversion 

bT-hTo^ 

and K, directly represented by XMYK infc ^ t ^ F ° F ^ 1,16 four colors ™y be C. M, Y, 
multi-SoPEC prinLg wiftexL coS ^ ^ rCpreSent 8 ° ld - metaUic «— «c. for 

22ES^Sl'5S cil^ 0 " -f »^ when luminance and chrominance 
luminance infoLation rj^Str^J 0 ^e luminance, but C, M and Y each contain 
fore provide the means by wfccTcMY^^ We there- 

sion. p ^ 10 * ort <~ ^ YCrCb. K does not need color conver- 

£££ jssss SSSMrrs s RGB ; • «*» » d *- *■* "o 

to CMY. *"* 15 o*"""** tlttn color convened to RGB. and fioelly b** 

are normalized to occupy all 256 levels of an 8-blt bhSy en^lg M CXCept ^ Cr 3X1(1 Cb 

The CFU provides the translation to either RGB or CMY ROR ic ^ a ■ 



I. 32 bits 1 6 cycles = 5.33 bits/cycle 
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^TSSl** ^ ^ " ±e C ° l0r 1— i- one of 

1 color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb, conversion to RGB 

• 4 color planes, no color space conversion 

■ 4 '!ir' a ° es vc,cbx ' coroOTi " ofYc,cb » «<>»■ - «*.»«*. <.f x 

23.4 Color space inversion 

may be used to provide plana? correlation 35«ta Snts ^ '° ^ ^ be or to 

I hC c R f 255 COnVerSion is given by the relationship: 

• M = 255-G 

• Y-255-B 

These ^rektio^hips require the page RIP to calculate the RGB from CMY as follows: 

• G = 255 - M 

• B=255-Y 

23,5 Scaling 

sented by a numerator'and a ^ZZj^JSg^ T^T] *" fact <>r repre- 

should be greater than or equal to the denoSoTS i P«el data ,s allowed, i.e. the numerator 
the numerator is programed as sttZ^ZZ P^nm^as 2 * * ^ * ^ 

if (count ♦ denominator - numerator >= 0 ) then 

SSI + den0minat - - orator 

else 

count = count «- denominator 
advance = o 
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23.6 Lead-in and lead-out clipping 



J3 



block n below) will be the last JPEG blockin the Hn. ^ c ^boundary of the 2 SoPECs (JPEG 
line printed by SoPEC #2. Pfcefe to*SjMM M~>? ^ f? EC W ^ Ae ^ ^EG block in the 

ately setting the WoiSTlSS;^ #I ^ * ^opri- 

at the beginning of each line The numbed of S^^ JT*^ ^ ** mUSt * 
LeadlnCUpNum register. P * ,gn0red at the start of ««* is specified by the 

It may also be the case that the CDU writes nut n>n~. n>c/-i.T i . 

as shown for SoPEC #2 below. ESSES X Z fe uZ^ " ta read by *» CFU « 

^pond to JPEG block « but the value teKfilS Sj£££ ST "\ CDU iS ** * Con - 
block Thus JPEG block m is not read in by^e CPU * CFU " SCt t0 COrres P° nd to JPEG 



SoPEC#1 
feaoMn area 



SoPEC #2 SoPEC #1 
wad-n area < lead-out area 



SoPEC #2 
lead-out area 




SoPEC #1 prints left 
side of page 



Figure 106, 



SoPEC #2 prints right 
side of page 



Lead-In and lead-out clipping of contone data In multi-SoPEC onvironment 



Length register defines E,ftt« X TV ASMrtQ *« ™e HcuLine- 

trols the scaling of the last valid pife KK£ t SST ^ * " reS ° 1Uti ° n "* «~ 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



DRAM Interface Unit 



9 



Contone 
Decoder Unit 



decompressed 
contone buffer 



/ 8 



/'a /'8 




2, wr_buff. rd_buff 



wr_en, rd_en 



t S^wr-Self1;0).rd_8el(2.-0T 



11 



Y-scaJing 
control unit 



+ JL Z Z A 



,'8 



'8 



,'8 



'8 

y 



YCrCb2RGB 



Cb Cr 
color space converter . ^ 
CP3 ^p2 c P 1 cpQ « frTV9rt - color P tene 



8 



13/ 



I 

15' 



15 



configuration 
registers 



,"32 



output 
double-buffer 



^ ^ wr_buft. rd_baff 
wr_en. rd_en 



E 



E 4 4 D i «, 



3/3 





f V 


J * 

^ Iine8 ok to read 


contone 
line store 
interface 





X -scaling 
control unit 



r 32 



Contone 
FIFO Unit 



Halftone/Compositor Unit 



PEP Controller Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 

Table 101. CFU port list and description 





m 

II 


m 

IB 




PCU Interface 

pcu__cfu_sel 

| pcu_rwn 


1 

1 
1 


In 

In 
In 


I System reset, synchronous active low. 

Block select from the PCU. When pcu_cfu_sel is high both 
pcu_aarand pcu_dataout are valid. 


j pcu_adr(6:2) 
pcu_dataout(31:0J 


4 

32 


In 
In 


Common read/not-write signal from the PCU 

PCU address bus. Only S bits are required to decode the 
address space for this block. 


1 cfu_pcu_data(31;0] 
I DIU Interface 


1 

32 


Out 
Out 


Shared write data bus from the PCU. 

th^i^t 8 ^"^ t * 18 Wn en cfu_pcu_rdy is high it Indicates 
the last cycle of the access. For a write cycle this means 
poJUdataout has been registered by the block and for a read 
cycle this means the data on cfu _pcu data is valid 
Read data bus to the PCU 1 


I cfu_diu_rreq 


1 


Out 


CFU read request, active high. A read request must be accom- 
panied by a valid read address. 


J diu_cfu_rack 
cfu_diu_radr[2l:5] 


1 

17 


fn 

Out 


Acknowledge from DIU. active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus. cfu diu radr 


1 diu_cfu_rvalrd 

| diu_data[63:0] ~ — — 
1 CDU Interface 


1 

~~64 j 


In 
In 


CFU read address. 17 bits wide (256-bit aligned word) 

Read data valid, active high. Indicates that valid read data Is 
now on the read data bus. diu data 
Read data from ORAM. 


I crfu_cfu_wradv8Pne 


1 


fn 


Write 8Iine pulse, active high. Indicates that the CDU has fin- " 
ished writing to 8 lines of decompressed contone data to the cir- 
cular buffer in DRAM and the data is available to be read by the 


1 cfu_cdu_rdadvfine 
J HCU Interface 


1 


Out 


Read line pulse, active high. Indicates that the CFU has finished" ' 
reading a line of decompressed contone data to the circular 
buffer in DRAM and that Dne of the buffer Is now free 


J hcu_cfu_advdot 

cfu_hcu_avai. 

cfu_hcu_cOdataf7:0I 
I_cfujicu_c1 data(7:0] 
I cfu_hcu_c2dataf7:0] < 
[ cfu_hcu_c3data(7:0J i 


1 

1 
B 
3 

3 

3 < 


In 

Out | 
Out 
Out 
Out 

3ut j I 


Informs the CFU that the HCU has captured the pixel data on 

^ ^"£^ 3 ^ te lin63 and CFU ^ now next 
pixel on the data Imes. 

Indicates valid data present on cfu hcu c{0-3]data fines 
Pixel of data in contone plane 0 
Pixel of data in contone plane 1 . 
Pixel of data in contone plane 2. 
3 bcel of data in contone ptane 3. 
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23.7.2 Configuration registers 

The configuration registers in the CFU are programmed via the Pn r D r 

page 257 for the description of the protocol andttS ZmZF ^ f^" SeCt '° n 21 8 - 2 ° n 
CFU. Note that since addresses in So^EC ara^Sec^S^ SlST* ""SX in ,he 

and writes the lower 2 bits of tho Pri r ^ u ^ Md PCU only "PP*** 32-bit register reads 
ano wnies, ine tower 2 bits of the PCU address bus are not required to decode the address soace for th* 

? 3 ^ ^ iS 1655 th<m 32 bitS zeros sh °^ ^ retumrf ^he uppe ^d 
b»t(s) of cju_pcu_data. The configuration register of the CFU are listed in Table 102: 

Table 102. CFU registers 

mimim] 




0x00 
0x04 

Setup registers 


Reset 
Go 


1 
1 


0x1 
0x0 


I A write to this register causes a reset of the CFU 

I Writing 1 to this register starts the CFU. Writing 0 to this 
register hafts the CFU. 

When Go is deasserted the state-machines go to their 
Idle states but ail counters and configuration registers 
keep their values. 

vvnen is asserted all counters are reset, but configu- 
ration registers keep their values (I.e. they don't get 
reset). 

The CFU must be started before the CDU is started 
This register can be read to determine if the CFU is run- 
ning 

(1 - running, 0 - stopped). 


0x10 


MaxBtock 


13 


0x000 


Number of JPEG MCUs (or JPEG block equivalents, Ke 
8x8 bytes) in a line - 1. 


0x14 


BLrffStartAdr 


15 


0x0000 


Points to the start of the decompressed contone circular 
buffer in DRAM, aligned to a half JPEG block boundary 
A half JPEG block consists of 4 words of 256-btts. 
enough to hold 32 contone pixels in 4 colors, i.e. half a 
JPEG block. 


0x18 


BuffEndAdr 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer in ORAM, aligned to a half JPEG block boundary 
(address is inclusive). 

A half JPEG block consists of 4 words of 256-bits 
enough to hold 32 contone pixels in 4 colors, i.e. half a 
JPEG block. 


0x1 C 


4LineOffset 


13 


0x0000 


Defines the offset between the start of one 4 line store to 
the start of the next 4 line store. In Figure 108 on 
page 294. if BufStartAdr corresponds to line 0 block 0 
then BuffStartAdr* 4UneOffset corresponds to line 4 
block 0. 

This register is required in addition to MaxBtock as the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG blocks in a 
line written by the CDU. 


0x20 


YCrCb2RGB 


1 


0x0 


Set this bit to enabie conversion from YCrCb to RGB, 
Should nol be changed between bands. 
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Table 102. CFU registers 




0x28 



0x2C 



0x30 



0x34 



0x38 



0x40 



0x44 



InvertCotorPtane 



HcuUneLength 



LeadlnCfipNum 



LeadOutCHpNum 



XstartCount 



XscaleNum 
XscaleDenom 



YscaleNum 



YscafeOenom 



16 



0x0 



0x0000 



0x0 



0x0 



Set these bits to perform bit-wise inversion on a per color 
plane basis. 

bito - 1 invert color plane 0 

- 0 do not convert 
bit1 - 1 invert color plane 1 

- 0 do not convert 
bit2 - 1 invert color plane 2 

- 0 do not convert 
bit3 - 1 invert color plane 3 
Should not be changed between bands. 



Number of contone pixels - 1 in a line (after scaling). 
Equals the number of hcu_cfu_dotedv pulses - 1 
received from the HCU for each line of contone data 



0x00 



0x01 



0x01 



0x01 



0x01 



Number of contone pixels to be Ignored at the start of a 
fcne (from JPEG block 0 in a line). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be ignored at the end of a 
line (from JPEG block MaxBlock 'm a line). They are not 
passed to the output buffer to be scaled in the X direc- 
tion. 



Value to be loaded at the start of every fine into the coun- 
ter used for scaling in the X direction. Used to control the 
scaling of the first pixel in a line to be sent to the HCU 
This value will typically be zero, except in the case where 
a number of dots are clipped on the lead in to a line 



Numerator of contone scale factor in X direction. 



Denominator of contone scale factor In X direction. 



Numerator of contone scale factor in Y direction. 



Denominator of contone scale factor in Y direction. 



23,7.3 Storage of decompressed contone data in ORAM 

The CFU reads decompressed contone data from DRAM in single 256-bit accesses. JPEG blocks of 
decompressed contone data are stored in DRAM with the memory arrangement as show TtomS^t 

S2 dS 21? e means th2t *• CFU reads in 4 colors fr * m a «- 
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4 fine 
store 



ORAM wordp 
ORAM word p+4 



DRAM 



DRAM word p+4n 

DRAM word q 
DRAM word q+A 



JPEG block 0 
lines 0 to 3 



JPEG Mock 1 
lines 0 to 3 



JPEG block n 
Hnes 0 to 3 



255 



191 



127 



63 



C3^0 1 


C2L0 i 


__C1L0 i COLO | 


C3^1 l 


C2L1 i 


C1L1 I COL1 


C3^2 i 


C2L2 i 


C1L2 i CQL2 J 


C^3 i 


C2L31 


-C1L3 1 C0L3 | 



4 fine 
store 



JPEG block 0 
Qnes4to7 



JPEG block 1 
fines 4 to 7 



ORAM word q+4n 



JPEGbfocfcn 
lines 4 to 7 



255 



191 



C^4 1 


C2L4 I 


C1L4 « 


cou 


C3L5 i 


C2L5 i 


C1L5 t 


COLS 


C3^6 i 


C2L8 i 


C1L8 I 


C0L6 


C3^7 i 


C217 l 


C1L7 i 


COLT 



word q 
word o+i 
wordq+2 
word q+3 



< Implies one 258 bit read of a word in DRAM 

CX-CoIorX 

LY - line Y or 8 bytes of a fine in a JPEG btock 



Figure 108. DRAM storage arrangement for a single line of JPEG blocks in 4 colors 

^oSs:"^ ^ " *" m 4 C ° l0rS fr ° m DRAM ' *"» read <* shown in Figure ! 08, is 

line 0, block 0 in word p of DRAM 
line 0, block 1 in word p+4 of dram 



line 0, block n in word p+4n of DRAM 

(repeat to read line « number of times according to scale factor) 

line 1, block 0 in word p+1 of DRAM 
line 1, block 1 in word p+5 of DRAM 
etc 

The CFU reads a complete line in up to 4 colors a Y scale factor number of times from DRAM before it 

23.7.4 Decompressed contone buffer 

au'l^r^T? 56 bitS (4 l° l T * ? bib) fr ° m mem0ry at a rinie - * borage of 2 x 256 bits 

converter. In reality, each buffer is actually implemented as a double-buffer of 2 x 64-bits wide. 

On the DRAM side wr.buff indicates the current buffer within each double-buffer that writes are to r™ 

to. wr_sel selects which double-buffer to write the 64 bits of data to when ^rjis SeS ^ 
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23.7.5 Y-scaling control unit 

DRAM in single 256-bi t ^ ^-pressed eoeftee deft i s read from 

flepe ft JuX^S^Z^L^ "J*"- ■*»••■ <■• /ft«t<*.»_,W efd 

k^t'eftreT^ 

that writes are to occur to. ° CCUr from ' and a s,n e le bit ( W _A^ for the current buffer 

of data from Dr£ M to the I^Jr^t^^^ J^g* ^ * ™ * write the -sUfi 

SSSSiS S^^^ * - b ^ ^ the output double- 

— rdsel gets l-i^JE^^l ^Je^Jue^^Tl^ *Z * 
wnte the data to the output double-buffer of Se S yL ^J f f °" 0win8 < * c,e to 

M 11 and ^ is asserted, t^^/^T ^^J!^^^ buffer - ^ «*-b 

o^o^^LTe^ 

direction is thus perfonned. aecom P*-«*«i contone data. Scaluig to the printbead resolution in the Y 
NoLXtT^^ 

both currjral/block ^lin^S^Z^Z £ CtowL al h ^"^ » Go, 
loaded with y^cale_d en om. iZ^SS^lS^t^ Wstan.adr, and y^cale.caunt gets 
^^.^.gori^^ 

/ / j 



// assign read address output to DRAM 
cdu_di U _wadr ( 21:7) = curr_halfolock 
cdu_diu_vadr[6:5] = lin e (l:0] 



" - ^ S8 e» after each DRAM read access 

l£ blocT/o roaX - blOC, ° the " " — ° f — « ^ne of contono in up to 4 colors 

v y.scaie^denom - y_scale num 0) then 

y.scale^count * y_scale_count + y scale f 
Pulse RdAdvline y-Scale_denom - y_scale_nun. 
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line 



curr^halfblocJc = buf f__start_adr 

lme.start.adr = buf f_ s tart _adr 
elsif {(line_start adr ♦ 41inA nff CQ M . „ 

curr_halfblock ^ buf J^tZad^ == b -«-end_adr, , then 

lxne_start_adr = buf f_ star t_adr 
else 

curr_halfblock = line_st a rt_adr ♦ 41ine offset 
lina.st-rt.adr = linc_ sta rt_adr ♦ ^ineloffsat 

else 
line 

curr_halfblock = line_start adr 
else *~ 

// re-read current line from ORAM 

IfrTllf^V y T SCAle ^^ * V-Scale.denom 
curr_halfblock = line_start adr 
else — 

block 

curx^half block 





cfu_diu_rreq o o 

wr_sel « 0 
wr_adv_buff « 0 




Go g=g Q 
cfu_diij_fTeq = 0 

wr.sel o 0 
wr_adv buff s o 



< 



idle 



c 



cfu_dfu_rreq « 0 
wr_seUo 
wr_adv_buff = 0 



req 



c 



> 



toff jft to wrftft 

wr_adv_btrff = o 



ack 



c 



3 





jfiu «*h Tmh — 1 




cru_cfru_nreq » 0 




wr_sef ■ o 




wr_adv_buff «= 0 


3 


r 



readl 



c 



3 



cfu_daj_rreq o o 
wr_set b 0 
wr_adv_buff = 0 



read2 



c 



3 



cfu_dTu_rreq = 0 
wr_aeJ« T 
wr_adVJ>uff = o 



read3 



c 



3 



cfu_diu_rreq = 0 
wr_adv_buff = 0 



read4 



> 



ffl tfu rvnffft g i AND 



cfu__diu_freq « o 
wr_sel s 3 
w_advjjuff =» 1 



Figure 109. State machine to read decompressed contone data from ORAM 
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23.7.6 Contone line store interface 

'S^^^2^^ST aaS f ? P , r ° Viding Ae M <™ *e -source in 

S S W haVe / beCn 10 DRAM * the CDU and are available to 

DRAM in the SulS^I&iS^ " f * °' 7116 CFU ma y onl y ^ to reL from 
lines, it sends an c^_3S^S^ STE? J""* ta " 

CFU may continue reading from DRAM as^ong^s buff lines ^^Tj . nes - av ^ s inctemented by 8. The 
set while buffJines.avaOis p^Sfih K '^rT " 'T"" ^ °- ^eS^Uo^ead is 
from DRAM, the Y-scaling c^uXenZ^^^ , ? &UShed a rf ««*« *«* 

CDU to free up the line inlhe bXToSvM itZ ^ 2 C ° nt ° nC ^ St ° re intelfic8 311(1 to *e 
v//„e pulse. KAM - WJines.awl .s decremented by 1 on receiving a RdAd- 

23.7.7 Color Space Converter (CSC) 

RGB. If YCK^RGB^^S^ *? f 0 ™™ 11 YCnCb to 

second stage. The 4th color plane if orlSt h^!! Pkce> 3,1(1 1,16 "P" P ixeIs P**<* to the 

latency of the convert VoXfttSCR ?*2\? R ° B ^ N ° te *» 

plane as it bypasses the block. ^ S ,atenCy should * e <I"a»*>d for the 4th color 
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Figure 1 10 shows a block diagram of the color 



space converter. 




23.7.8 



Figure 110. Block diagram of color space converter 

version is implemented as follows- accuracy us maintained with 18 bits. The con- 

• R* - Y + (359/256XCr- 128) 

• G'=-Y-(183/256XCr-I28)-(88/256XCb-128) 

• B* = Y + (454/256XCb-128) 

an ouiput, a zero input gives output RGB =» [0 1 , 136 2 , 0 3 1. 

X-scafing control unit 

^^*^S2S5^»Sr^r r- — «--. HCU. Tl. 
««i from until j. te bL\Sto. "™ e """^ "° <1 e " mi " s ** «'>»<fcr«L,oe bo 

that writes are to occur to. " fr ° m ' ^ a Sln ^ c bit (ht-.A^ for the current buffer 

- IS 1 • mels m me lead-in and lead-out areas are 



1- -179 is saturated to 0 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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if (wradv == l) chen 

if <pixel_count « (maxjblock, bill) ) then 



pixel_count = 0 
else 

pixel_count ++ 
if <<pixel_count < leadin_clip_mim) 

OR (pixel_count > ( {max block Ki 11 \ 1 
wr_en = 0 i««x-Oiocx,blll) - leadout_c Upturn) ) ) then 

else 

wr_en = 1 

When a wr__en pulse is sent to the output double-buffer huff ™ tr ^. 

The output cfit _ ncu _ avail ^ J Tm'wl 2 T ^ " SCt ' ^ inVertCd 

HCU that data is available be ^'^^ ^^^71 » * e 

algonthn, for non-integer scaling is descn^dT*™^^ 

loaded with xjtart.count after Let and atAe end of Set £ £ ^ ^ cafe - co «« *ould be 
first pixel is scaled by. hcu line length and hZ 2 ZZ? 7*?* amount w ^ch the 

line that is sent to the HCU is scaledby hcU - t * t - dotad » c °**>' *e amount by which the last pixel in a 

if <hcu_cfu_dotadv ==. 1) then 

rd_ en . i x_scale_count * x_ aC ale_d e nozn - x_scale_num 

else 

r5!" 1 :-o° Unt = *- S " le -<""« * x-scale.den^ 

else 

x^scaie_count = x_scale_count 
rd_en = 0 

7Z^~ S T^ 15 ^'^-^ is cleared, and „_*, #is invcrtcd 

f^the"cTlf^ 

received, then a n/_e„ pulse is genratea^rTe^ "* a hcu -^~^ad v pulse is 

reset to 0 and x_scale_count is loaded ^i Z^clunT ^ ^ CFU > d ° t -<" tv -™™ * 
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24 Lossless Bi-level Decoder (LBD) 



24.1 Overview 



compression, the LBD can coDe with anv r^n,»„- T ^ 1S to be ^ t0 Pnnt text at 10:1 
pass-thxough mode is iS^^l^SZXSi*? "T^ DRAM **** h aVai,ab,e - A 
50:1. Lossless bi-level compression USTTTSS^ ? Z TSnT^T*' " Wl * ^° ° fabout 
which compress poorly. ragC page ,s 81,0111 20:1 ^ ">=1 Possible for pages 

unit) for the next stat in the prinmig'p^pehlne ^e LEm"^^ T! "° U ^^Compositor 

is used by the PCU and is avaiLe iSSSjifSSS ^ * ^" A ^-ntrol flag that 



ORAM 
interface Unit 



PCU 


« 


LBD 







Spot FIFO 
Unit 



HCU 



Figure 111. High level block diagram of LBD in context 

24.2 Main features of LBD 

Figure 1 12 shows a schematic outline of the LBD and SFU. 

2£3£S££; SToTir^b^rmtT r n**-** - » S u PP o rt 

at 1 600 dpi. ^ mC bufferS must be long enough to store a complete line 

processing latency, to be absorbed ^ * ^ M ^ for Mm ™* ^ «•«■ to band 

^™ taKss ar snrde 368 ^ comprcssion - *-* «*• « «* 

grammed number of bits E« iJlo^r ^h T^"* t0 e,thCT Cnd ° f Une or for • P">-pro- 
length code, followed by pasTm^gh ^ ^'^S^ C ° de is *W executed as a ml 

^CSKlffi.^ - - SP0t FIFO Unit (SFU). Tbis 
lines up to a P"Vrmm^ t ^^^^^^ J ^^^^^^ * D1UM. nominal^ 
Recess to DRAM. Therefore the LBD mus ^eg^ggg^^' ^ g HnT ** 
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A signal s/ujdb_refy indicates that both the SRf'c niiw/i. Pnj/1 , „ 

writing and reading, respectively. NextLineFIFO and PrevLineFIFO are available for 

Kbytes of storage. --'KBytes of borage. An A3 Ime of 19488 dots requires 2.4 

n^rt. bU,<l " • «* "» - - Clonal., .v^ bl , to tb. CPU « J w 



LBD 



DRAM read 



RFO 



SFU 




I 



DECODE 



All FIFOs are 64 bytes 
(twice the DRAM data 
word width) 



A* 



FIFO nextjfrte I FiFO Iprevjfne 
^FO currjlne 



64 

' + DRAM 



DRAM read 



fHCU 



J 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



BMevel Decoding in the LBD 



E 

I 



b p 

So 



2 f 



110 



010 



110000 



010000 



100000 



000000 



Pass Command: aO <- b2, skip nex t two < 
VerticaJ(0); aO <- b1 , color = Jcoior 



Vertical(1):a0^bWl, color = fcolbr 



VerticaJ(-l):a0<-b1 -1 1 color = Jcotor 



Vertical): aO bl + 2. color B fcotor 



yertlcal(-2):a0^bi-2.cotor = Icotor 



VertcatQ); aO <- b1 + 3, color * lcotor" 



<RLxRL>100 



Vertical^): a0^b1> 3. color = fcotor 



Horizontal: aO <- aO + <RL> + <R|_> 



b Tap^» Pass through mode is activated 

number of bits, whichever is shorter. TtSsS^Sl rJ, , ° f ^ " f ° r 4 Programmed 
followed by pass through. The pass th.SS^S^ ^ ! XCCUtCd M a code, 
than or equal to 31. ^ escape code ls a medium length run-length with a run of less 

Jill >S^2 >Cngth (RL) encod '"g« 



5 I 

If 



RRRRR1 
RRRRR1 



RRRRRRRRRR10 



RRRRRRRRtQ 
RRRRRRRRRR10 



RRRRRRRR10 



RRRRRRRRRRRRHRROQ 



RRRRRRRRRR RRRRRoo 



Short Black Runlength (5 bits) 



Short Whrte Runlength (5 bits) 



Medium Black Runlength (10 bits) 



Medium White Runlength (8 bits) 



Medi um Black Runlength with RRRRRRrrr R : 
&iter pass through 



*31. 



Medium White Runlength with RRRRRRRR . 
Enter pass through 



= 31, 



Long Black Runlength (15 bits) 
Long White Runlength (15 bits) 



the right to most signSt bit at AekftT 104 ^ read m the same way (least significant bit at 

£ e ^rm^ 

pass the data to the LBD as un-compre^d th ^^ T^™ tWs if would «* easier to 

mented in the PEC1 version of the LBD^en ftj Sd ^ ^ ' S V** fC3tUre was not implo- 
the data stream is an un-compressed «. JKK Xtt^ * ° f 
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To enter pass through mode the LBD takes advantage ofthewav run u 

of the runlength pair is less than or equal to 3 1 it^nould be InLZ * u be , wntten - U ^»y if one 

the coding scheme of Table 104 it is still legal VwSi f Z 22 ' "T "° WeVer Under 

been designed so that if a short runlength vdS i dc^ m ^ 0r , I ° ng 1 .T lengtt ^ LBD ^ 
command containing this runlength SSSi ^^^1^^^?°^^^ 

^ra^e f d^ 
--™mec_™ 



24.2.2 DRAM Access Requirements 



Table 105. DRAM bandwidth requirements 



Direction 



Read 



Maximum number of 
cycles between each 
256-bit ORAM access 



256 1 (1:1 compression) 



Peak Bandwidth 
(bits/cycle) 



1 (1:1 compression) 



Average Bandwidth 
(bits/cycle) 



— — 1 : t / V M'W.I w 

1:1 con * res *° n LBD requires 1 bit/cycle or 256 bits every 256 cycles. 



01 (10:1 compression) 



* Page 304 



SoPEC : Hardwa re Design 

24.3 Implementation 



S3 



24.3.1 Definitions of IO 



Table 106. LBD Port Ust 



SoPEC Functional clock. 




Address of the end of the current band of data " 

256-tot word aligned DRAM addre ss. 

Address of the start of the current band of data. " 

2S6-b,t word aligned DRAM addres s. 

LBD finished ba nd signal to PCU and Interrupt ControfleT" 

^IT^ fead * A read ™* be accom-" 

parted by a valid read a ddress. 

Read address to DIU ~" 
1 7 bits wide (2S6*h aligned word). 

Ac*^edge from DIU that read request has been 

a^ted^and new read address can be placed on 



Data from DIU to SoPEC Units. " 

Rrst 64-bits is bits 63:0 of 256 bit word 
Second 64-bits Is bits 127:64 of 256 bit word. 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bte is bits 255:192 of 256 bit word 

X SK'" 8 Unit ™ ^ fead d °» » 



»ZXJ? ^ Tf"" 1 ' 4 bite are to decode the 

address space for this block. 



Shared write data bus from the PCU 



Read data bus from the LB D to the PCU. 

Common read/not-write signal from the PCU. 

^ select from the PCU. When pcujtxj^sel ^ high both" 
pcu_addrend pcu_dataout are valid. 



Ready signal to the PCU. When lbd_pcu n/yis high it indi" 
ca.es the fast cycle of the access. Rewrite Xthis 

for a read cyde this means the data on BxLpcu.dataln is 



ZSS'JSF' lnC !, iCatin9 SFU has P^vfoos line data 
available for reading and is also ready to be written 
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Table 106. LBO Port List 







mm 






sfuJbd_pJdataf15:0I 
lbd__sfu_wdataf15:0I 
'bd_sfu_wdatavaffd i 


16 
16 
1 


(n 

Out 
Out 


Data from the previous line buffeT^^^^^^*^^^^^ 

Write data for next Hne buffer. 

Wnte data vafid signal for next line buffer data. 
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24.3.2 Configuration Registers 

Table 107. LBD Configuration Registers 




A write to this register causes a reset of 
the LBD. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 



Writing 1 to this register starts the LBD 
Writing 0 to this register halts the LBD. 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go is deasserted the state- 
machines go to their idie states but ail 
counters and configuration registers keep 
their values. 

When Go is asserted at] counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The LBD should only be started after the 
SFU Is started. 

This register can be read to determine if 
the LBD is running 
(1 - running, o - stopped). 



Width of expanded bHevei fine (in dots) 
(must be a mult iple of 1 6 bits) . 

Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatible with PEC1. 



Number of dots for which pass-through 
mode win last. If the end of the line is 
reached first then passthrough will be disa- 
bled. 



Shadow register which is copied to 
CurrReadAdrwhen (NextBandEnabte / 
& Go^O). 

NextBandCurrReadAdr rs the address of 
the start of the next band of compressed 
bMevel data in DRAM. 



Shadow register which Is copied to Lines- 
Remaining when (NextBandEnabte == / & 
Go = 0). 

HextBandUnesRemaining 'xs the number of 
lines to be decoded in the next band of 
compressed bHevei data. 
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Table 107. LBD Configuration Registers 



0x20 



NextBandPrevUneSource 



Next Ban dEnaWe 



Work registers (read only for external access) 



0x0 



0x0 



0x24 



0x28 



CurrReadAdn;2l;5) 
(256-bit aligned ORAM address) 

UnesRemaining 



0x2C 



0x34 



PrevUneSource 



CurrWriteAdr 



17 



15 



15 



Shadow register which is copied to Pmv- 
UneSource when (NaxtBandEnable = i 
<SGos=0). 

1 - use the previous line read from the SFU 
for decoding the first line at the start of the 
next band. 

0 - ignore the previous line read from the 
SFU for decoding the first fine at the start 
of the next band (an all O's line Is used 
Instead). 

If ( NaxtBandEnable = 1 & Go 0) then" 
-NextBandCurrReadAdrls copied to 
CurrReadAdr, 

•NextBandUnesRemafning is copied 
to UnesRemaining, 
'NextBandPrevUneSource is copied 
to PtevLlneSottrce, 
-Go is set. 

-NextBandBnabte is cleared. 
To start LBD processing NaxtBandEnable 
should be set 



The current 256-bit aligned read address 
within the compressed bHevei image 
(DRAM address). Read only reg ister. 
Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read onJy register. 



1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an all O's fine is used 
instead). 

Read only register. 



The current dot positfon for writing to the 
SFU. Read only register. 



Indicates whether the current line is con- 
sidered to be the first line of the band. 
Read only register. 



24.3.3 



Starting the LBD between bands 

and then aops, ol.mbe n's Co nil and issnint . J^ili!?^ f ° <fcc0<te * >»»> 
I here are 4 mechanisms for restarting the LBD between bands: 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 1 13. 



ORAM Interface Unit 





4 


L 4 




3 

OS 


T 

A 
t 
CI 
ff 


1 control 






v64 




lossless bMevel 
decoder unit 


I r 2 


r 




r 



Stream 
Decoder 



2, 



IS 



^pass_through_doClenflth 



pass_through_enabte 



prevjlne.source 



Register and 
Resets 



J 



* + + ± t 



Cnes_remalnlnfl 



Ene_tength 



Command 
Controller 



8 



fooLfintshedband 



^control ^ 


. V 

Next Edge 




UnH 




4 L 



UneFlU 
Unit 



fbd.sfu 



sfti. 



_sfu_U d_rfy 



data 



1 Idb. 



datavafid 



End of Band 
Unit 



pfadvword^ 



jbd_pldala 



Ladvline 



Previous 
Line Buffer 



Spot FIFO 
Unit 



1Q_Jbdi.8fu.wdi 



daja 



wdatavafk 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bf-level decoder 
The LBD contains the following sub-blocks: 
Table 106. Functional sub-blocks In the LBD 



Registers and 
Resets 



Stream Decoder 



Command Controller 



. ZT II w ,auvM '«»>»wrs. mjso generates the Go and th< 

R&set signals for the rest of th e LBD 

Accesses the bMevel description from the DRAM through the DIU Inter- 
face. It decodes the bit stream Into a command with arguments, which it 
then passes to the command controller. 



Next Edge Unit 



nterprets the command from the stream decoder and provide the Kne fiif 
unit with a limit address and color to fin the SFU Next Une Buffer ItVteo 
provides the next edge unit starting address to took for the next edge. 



Une Fill Unit 



J fZ * T r° US Une Buffer usin 9 te address to find 

the next edge of a color provided by the command controller. The next 
edge unit outputs this as the next current address back to the command 
controller and sets a valid bit when this address is at the next edge 



™? "If*™ Iff* Une Buffef wrth a **>' to current address up to a " 
limit address. The color and limit are provided by the command controller 
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££ 2SS P,iM LB ° ** * ™™»t ^code Une but writes this data into the 

Naming of signals and logical blocks are taken from [18]. 

The LBD is able to stall mid-line should the SFU be unaM- t« c.^i , 

line frame due to band processing latency PP Y * preV10US 1,ne or receive * current 

All output control signals from the LBD must alwavs ho vaiM 

^^^.^(.^^^S^SV'"" LBD is not 
24.3.5 Registers and Resets sub-block description 

"a- The register descriptions for the LBD an KM?1UbW " W ° 

lbd. „ fc «. -r^^^jr^a- 232 * * 

line regardless of what the Z foTmeTS is " ' f * 18 311 2cros for P^ous 

pressed data stream. requesting data from the DIU and commence decoding of the com- 

/■ 

24.3.6 Stream Decoder Sub-block Description 

the empty space created by£e banei sm^SSr2t ^ WOrd ftom FIFO to «» «P 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14 




Figure 114. Stream decoder block diagram 
24.3.6. 1 OecodeC - Decode Command 

The DecodeC logic encodes the command from bits 6 fl «f th» w. t 

mands: SKIP, VERTICAL and RUNLE^TMU^ , b,t Strcam to ou * ut one of corn- 
consumed, which feeds bacTt &Tb^sSft' rlglsL " ^ * how m ^ bits ^exe 

as a medium runlength this 5 fte Sl^SieX^^!? ? ,Ue ' ^ 2 nUmber leSS *"» 3 »• enc ^d 
length is decoded completel KSSSSS 125X£ T°ff, COmmand this ™" 

be a number of bits that represent uT-conSseS F ° llOWmg "^"a* there ™"» 
all these bits have been decoded 1 suTclSTthtt^ ^ ^ ,n p ^_THROUGH mode until 

or the line ends, which ever comeTlS * ^ ° nCe a P ro g T ™ed number of bits is reached 

24.3. 6. 2 DecodeD - Decode Delta 

15 bit number, which is generally conaid^T^^ w * * ° UtpUt * 7116 OUtput delta is a 
dots for an A4 page and 19488 do* TS^WW^^* T" * addR » t0 13824 
■ p gc ^ or J ^ 768 )> a 2 s complement representation of -3,-2,- 
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l^Uwork correctly for the data pipeline that follows. This unit also outputs how many bits were con . 
StISSSS ^ C °r P ~" thC ^ that "i— * * e --compressed data and 

and the current comn^d ' kCCPS *** ° f ^ n6Xt °° lor based on c «™* color 

24.3.6.3 State-machine 

Command Controller Sub-block Description 

. A <.t?^ t^STSSr sn e °TJ! ,r is / hom • " F,8u * " 5 - N °" *» *» — such „ 



24.3.7 
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go.fbd 



_sfu_rdy 



Unejengtn 



prev-Bne ^source 



ignofe_prev_Hne 



end_ofLUne 1 



AO 



end of band unit 




ne undone 



neij_state 



blp . 



horizontaLend 



fi rst_ f ine_ o f*_ ban c 



cc_ state 



color 



aO 



firet_tiu write 



^advance hgrtzaat^ 



Figure 115. Command controller block diagram 



24.3.7.1 State machine 



The following is an explanation of all the states that the state machine utilizes 
i START 

U AWA1T_PUFFER 

The NEU contains a buffer memory for the data it receives fmm tf» cm™. . L 
enters this state the NEU detects this and star^uffe!,„T^t,T \ T*™ ^ command stroller 
state when the state machine in the ^h^nterfS^S' Tu^NgLT^ 1 ^ ^ * *?" 
mand controller can proceed to the PARSE state ^U_RUNN1NG state. Once this occurs the com- 

to' PAUSEjCC 

SSfs'nlr^ f 3 k is ,P° ss,ble for *• FIFO in the stream decoder to get starved of data if the 
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When in this state the command controller can receive one of four valid commands: 
a) Runlength or Horizontal 

^mtS^ 

mand controller to waft CS S5SX22^ . ** ^ * ** *• COm " 
changes into the WAIT_FOR_RUNLENGTH state while this occu P ° P ° mt * Command controller 

Tollers^ this to the rest of the LBD and Zteml^T ' ^ COTma " d 

Vertical 

When this command is received, it tells the command controller thar in .- • 

change from the current color to opposite of d^ZL. P hnC ' " needs to 611(1 a 

the current position in the previous Une fo Te SSET^. Recurrent color is white it looks from 

b,acfc Iti simpo«an,^ 

element on the previo us S^V^Z^TSiT* " CUITCnt * relative t0 <*"HP*g 
correspond, th'e two bi^ 

Skip 

c^^Tis^^^ b " *■ «** » the current line is not 

tha^e comn^c^ ~ ^ 

the current color in this case. »*rttawJ{0) commands and has been coded not to change 

d) Pass Through 

^^r^ZXTr^t 1 ° n t bit Per that . uses to construct 

^^r^^^^^^^^^^^^ infte stream decoder, the 
color as the last bit in uncompressed ESS^SS m^H P "! ^ ^ iS 
command controller as each pass through corned I raeS ^£ * £ 68 ^ ^ ^ in 1,16 

cessed in one clock cycle. command received from the stream decoder can always be pro- 

v WAIT_FORjaJNLENGTH 

XTTXSSt- ^ * — « Une Fit, Unh 

conx.Uet win S^thSS^ Pr0V,de4 " " »« <* oommond 
►/ IKVT_FORJIE 

remains here until the edge isdetecTd £oJ£ H f> controlle f «ters the WAITJFORJfE state and 

return to the PARSE state ^ * U *" Cnd of me ,iBe «»nniand controller will 
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S3 



ST^frf A,"" 6 ,hc / omm ^ d controIler needs to hold its data for the SFU before going back to tbe 
START state. Command contro.ler remains in the FMSHJJNB state for one clock cJdeTc 




Fi 9 ure116. State diagram for the Command Controller (CC) state machine 
24.3.8 Next Edge Unit Sub-block Description 

this case the NEU ml! request more words from the SFU and will keep searching for an edge. It will con 
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tinue doing this until it finds an edge or reaches the ™h *r >u 

LINE_LENGTH. A ^ Wock ^ ft - hEXST!!* * >— - - 



117. 



Command CorUrolter 



&Lcolor 



Line 

m 

Unit 



vmirtbs_zero 



15, 



el j 

I 



111 



4 



15, 



Y * 



state 
machine 



control 
signals 



15, 



Stream Decoder 



15 



11 



detect 
edge 



prev_Bne a 
1 * 



16 



buffer 



plbuff_rdy 



ted 



Next Edge Unit 



sfujbd pldata 



16 



sfu_advftne 



SFU 



Figure 117. Next Edge Unrt block diagram 

24.3.8.1 NEU Buffer 

presents a proo taSSto KS^SSL - * T*" ' 6 * a time from SFU " ™ s 
ing element in the curi^ST ^ 0CCUI3 ' D SUCCCSsive but refere to a chang- 

struct the current frame of the current line onnat,on .s needed from the previous line to con- 
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frame it needs it on the next clock cycle to maintain a decoded rate of 2 bits per clock cvcle A mnr, 
detailed diagram of the buffer in the NEUls shown in Figure 118. * * 



16 



use^prev_Bne_a 4 — 



16 



pLbuff_rdy- 



16 

"V s - sfu_ttxj_p*d3ta 



pLboff_rtJy_dly 



Figure 118. Next edge unit buffer diagram 

^e output of &e buffer are two 16-bit vectors, usej>revjine_a and use^revjine b. that are used to 
detect an edge that is relevant to the current line being put together in the Line Fill Unit. 



24.3.8.2 NEU Edge Detect 



^r^L^?^ WO r k ^ *"*T 16 * VeCt0rS SUI * Iied b * * e buffer *» d ^ed on the current 
line position in the current line, aO. and the current color, stealer, it will detect if there is an edge rcZTt 
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1 use,prevjine_a~ I ( 



15 



19. 



15" 



use_prev_linG_b 



transftfon_wtob 



uansftion^btow 



19. 



cokx_neu 



19. 



« Vo .1 / 



19. / <>ecode_b,ext & decode.b & FIRST F LU_WRJTE 
19> " 



19,' 

V 



l9Xmasted_data 



encode_b_one.hot 



enc<x*e_b_4bft 



7 

b1p 

Figure 119. Next edge unit edge detect diagram 

«i i-hdiST Sr ° a ta r° ■■» bi,s •"•» 
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Table 109. Decode Jb truth table 





0000 


1111111111111111 


0001 


1111111111111110 


0010 


1111111111111100 


0011 


1111111111111000 


0100 


1111111111110000 


0101 


1111111111100000 


0110 


1111111111000000 


0111 


1111111110000000 


1000 


1111111100000000 


1001 


1111111000000000 | 


1010 


1111110000000000 


1011 i 


1111100000000000 


1100 


1111000000000000 


1101 


1110000000000000 


1110 


noooooooooooooo 


1111 


1000000000000000 



Tab| e 1 10. Oecode_b_ext truth table 











Vertical(-3) 


111 


VerUcal(-2) 


111 


VertJcal(-l) 


011 


OTHERS 


001 



SEEKS IJSSiiS^S? up produc ! this 0356 for every sin * le S^KSS, 

asserted at the begS £ ° Ut ^ OCCUrS Wh<5n ««^ hT which is only 

element is c£?-^™.^ f of the imaginary changing element situated after the last acLl 
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24.3.8.3 Encode_b_one_hot 



J3 



block. ' ,urts toe *Me outlining the functionally required by this 



Table 111. Encode_b,one_hot Truth Tatai* 


wmmmmm 




aaaaaaxxxxxXXXXXXX 1 


I OOOOOOOooryvvvvvv'irk-i 


f xxxxxxxxxxxxxxxxxio 


1 OOOOOOOflflrVVWWin^ a 


XXXXXXXXXXXXXXXX1 00 


1 vvv^AJUUUUUUUOOOlOO 


XXXXXXXXXXXXXXX1000 


1 vwwwUiXXX)0001 000 


xxxxxxxxxxxxxxioooo 


I wuwuuuuQQOOO0 10000 


XXXXXXXXXXXXX1 00000 


1 00000000000001 00000 


XXXXXXXXXXXX 1 oooooo 


J 0000000000001000000 


xxxxxxxxxxxiooooooo 


I 0000000000010000000 


XXXXXXXXXX 100000000 


I 0000000000100000000 


XXXXXXXXX1 000000000 


000000000 1 0000000 00 


XXXXXXXX10000000000 | 


0000000010000000000 


J XXXXXXX1 ooooooooooo 


0000000100000000000 


XXXXXX1 oooooooooooo | 


0000001 oooooooooooo 


I xxxxxi ooooooooooooo I 


000001 ooooooooooooo 


. xxxxioooooooooooooo ! 


0000100000000000000 


J XXX1000000000000000 


0001 00)000000000000 


XX10000000000000000 


0010000000000000000 


X1 ooooooooooooooooo I 


010000000CWOOOOOOOO 


1000000000000000000 I 


1 000OOCKXDO0O00OOOOO 


ooooooooooooooooooo I 


0000000000000000000 



24.3.8.4 Encode_b_4bit 

o^toii b ^t SeC ° ad Sta8e ° f 11,6 ^ **» ^ -odes the data to determine the address 

asserted the bit location £5H££ ft ^21^? ^ k° 1*' »T fa ^ If *« « ■ » 

number is one, if » one is asserted £3£ £ o^^r P,C ? ? ° iS a "«- d *« the 

nmnDer ,s °ne. etc. The delta supplied to the NEU determines 
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c^SS COmmand " bCine Pr0CeSSCd ^ f0ImU,a that is -Pl—ted to return 6/p to 



the command 



for V(n)blp = x ♦ n modulusl6 
SS^/' nUmbar thSt ~ eXt " CtSd «- 'one-hot- vecto, and „ is the vertical 



24.3.8.5 State machine 




Figure 120. State diagram for the Next Edge Unit (NEU) state machine 

The following is an explanation of all the states that the MX/state machine utilizes. 
i NEUJSTART 

controller has enS t's 3^*^ST5l "T^ ^ * detCCtS 1,16 «»™» 

state. AWAIT_BUFF state. When this occurs the MiTC/ enters the NEU_FILL_BUFF 



u 



NEU_FILL_BUFF 



s™° r Th^^ ?' U P *» *** with new data from the 

completed it enters SS^I * *" ^ fr ° m the P revious line " °°<* 

«i NEUJiOLD 
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TbeNEU waits in this state for one Cock cycle whi,e data requested from the SHJ on the last access 

iv NEU_RUNNrNG 

v NEU__EMPTY 

the LBD. 8 S deasserted - ™«* occurs when the end_of_line signal is detected from 
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24.3.9 



Line Fill Unit sub-block description 

when it has put together a cSm^ w h?S^ > *° Pr0Vided by Command ControlI <* and 



A dataflow block diagram of the Jine fill unit is shown in Figure 1 19. 



Next 
Edge 
Unit 



command controller 



15. 



h°*d_sd_cotor t 



vmfnus_zero 



Stream 
Decoder 



command 



▼ ▼ t *. 



« 1 K 

4 Omit 



Machine 



line flfj unit 



Instate 



cx3tor_seL16btt_« 



'16 



16 ✓ 



Bne_fiD_data 



work._sfij_waata 



Ibd_sfu_vvdata 



tod_«njLwdatavaM 



Ibd_sfu_i 



.advfing 



SFU 



Figure 121. Line fill unrt block diagram 

The dataflow above has the following blocks: 

24.3.9.1 State Machine 

The following is an explanation of all the states that the LFU state machine utilizes. 
/ LFUJSTART 

22 ~Ztttt^2Z22zs*o m Z r - -*- °"- *— * 

longer zero, this only occursTnc^ G<? ^ ^ MBCItod ^ i! detects ** ^ " no 

^ y occurs once the command controller start processing data from the Next Edge Unit, 



LFUJfEW__REG 
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data to the SFU with the write ™Z1 « Eli u ^ / t ^. frame 15 completed the LFU will output the 

state -«J^^Tti^ i siSs?iS £r, is not c r p i eted in ° ne ciock 

i« LFUjCOMPLETE^REG 

10 doive Ite /toft a»d „for „, ia /!S °i! V? "J * e mB "-"to" ">«« 
bl. four ^.-Pi^iV-^l^S^,^^^^" 




Figure 122. State diagram for the Line nil Unit (LFU) state machine 

24.3.9.2 tine_ffll_data 

Ih?7? Ldat !, takeS *!? lUnU "* c °<°r-*eU6bitJfvzl W s and constructs the current frame that 
^-fiH-data. Y,ork_tfu_wdata is exported by the LBD to the SFU as 



" work-«^ C l = ; LFU - S y ART ' OR t"u_ S f te == LFU.NEW.REG) then 

work_sfu_wdata « color_sel_16bit_lf 
else 

work_s£u_wdatatU5 - limit) dovmto limit] = 

color_eel_16bit_lfr(15 - limit) dovmto limit] 



Doc: SoPEC_hardware_design 
Version; 2.3 



S3 Proprietary Document 



2d"ftov 2002 
Page 325 



SoPEC : Hardware Design 



25 Spot FIFO Unit (SFU) 

25.1 Overview 

KSff^' 8 ^ meanS by Which ^ 18 ******* between the LBD and the 

affecting either the LBD orHCUM-L^f buffenng can also be increased or decreased without 
the SW^te^Zte HW^^ 8 * thC h0riZ ° nta3 • Bd VCrticaJ "y 

both the horizon*? 2SSJ£2£ ^^0^^ SCa " n8 * SUPPOtted * 

but may be programmed to be dirS ^ * ' ' ^ ^ ^ 1,16 ^ in both 

25.2 Main features of the SFU 

The SFU replaces the Spot Line Buffer Interface rsr Rn i« pp*-i tu 

DRAM. ISUJI) m PEC1. The spot line store is now located in 

width of 16 bits. The SFU interfaces^ HCU^ Z^o^T^ * *° 

!« ^ a capability to 

^^ofDRA^wordsat^ 

tmtfXl^^^^^ Ae SFU i f- aVailab,e for ^ reading. For the first 

lbd_jfr atMiZ sfrobe Sm 5d £~ 1™ ^ * not "I* 1 * 1 mtil the first 

lbd_sfu_pladvword tells the SFU to sumrfv ^f^TKl£ «r a f VMee t0 neXt Une " 

strobes i^KSSLTmS unX^ tf SP^f nWnber ° f 

sfu_hcu_avail signal. HCU 0011 therefore stall waiting for the 

X and Y non-integer scaling of the bi-level dot data is performed in the SFU 
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25.3 Bl-LEVEL DRAM MEMORY BUFFER BETWEEN LBD, SFU AND HCU 




high address 
* lbd_next!ine_adr 

fbd_prevline_adr 
hcu_readlme_adr 
hcu_startread!ine_adr 

low address 





high address 

■> lbd__nextiine_adr 

ricu_readlrne_adr 
lbd_prevline_adr 
ricu_startreadline_adr 

low address 



(b) 



(a) 

Key: | ( Free buffer space 

IIH Riled buffer space accessed by LBD Interface FIFOs 

Filled Buffer space read by HCU Read Line FIFO 
O Filled Buffer space read by both HCU Read Line FIFO and LBD Interface FIFOs 

FI fl ure 123. Bi-level ORAM buffer 

Sr^HCU^Tnl^sTi 6 Fi ^ C < a ^ OWS LBD ^ address reading 

before the HCUxeadl'eS^LinD^ W ^ *" LBD " revious X ™ address reading 

^"ssssk a^sss.is? r bMevei dram buff - is - - 

based concept is that the line the HCU is curreSJ 2? u° f P ro « ranmab!e size. The only line 

be re-read for scaling purposes * ^ g * OVC ™ beca ** * may need to 

The SFU interfaces to DRAM via three FIFOs: 

a. The HCVReadLineFIFO which supplies dot data to the HCU 
" ™ 6 ^™ eXtLin ' FIFO w Wch writes decompressed bi-level data from the LBD 
c The LBDPrevLineFTFO which reads previous decompressed bi-level data for the LBD 
nere are four address pointers used to manage the bi-level DRAM buffer- 

*hcu_readlinc_adrr21:5] is the read address in DRAM for the HCVReadLineFIFO 
t)fS£Sr ^ *" St3rt ^ ^ DRAM *• «~ «- b^a read by 
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c. lbd_nexiline_adr[21:51 is the write address in DRAM for the LBDNextLineFlFO 
*.lbd_prevline_ J idr[2I:5] is the read address in DRAM for the LBDPrevLineFlFO ' 
The address pointers must obey certain rules which indicate whether they are valid- 
^-^■"'-i'SI^* 0 ^ ^ if il * ^8 earli <* " Ae line than 

c.Jhe LBDNextLineFlFO must be writing earlier in the line than LBDPrevLineFlFO is reading 
lbd_ne»line_adr[21: 5] /= /W^W^ :5] Am l^an^adJr.vaUd 

■"fiSS^r R W J^ i ~ S ° * 85861464 46 pointers 316 re «* to *"t 57 The first 

f. The address pointers can wrap around the SFU bi-level store area in DRAM 
As a guideline, the typical FIFO size should be a minimum of 2 lines stored in dram ■ 
up to a programmable number of lines. A larger bwSXws HnL J ST? DRAM nominally 3 lines, 
can be useful for absorbing local contplexitiSin ^r^m™*^™^"*™- ™" 

25.4 DRAM ACCESS REQUIREMENTS 

P-io^cL^ itere^HFol 010 ** ' ^ ^ ™* " between the 

vious, cunJSd n«tS«T ^ ^ " ed 256 * it double **» each of its pre- 

The SFU's DIU bandwidth requirements are summarized in Table 1 12. 
Table 112. DRAM bandwidth requirements 




I: Two separate reads of 1 bit/cycle. 
2: Write at 1 bit/cycle. 



25.5 SCALING 



ou^to^ b ° th , the h0 S° ntal 1Bd Vertical directi0ns * the SFU so that the 

facTor oT u s r om non - integer scalin g - th * e «2 

-numemtorsho.JbeSr^^ 
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t£^£t PSeUdOC ° de bC,OW ' adVMCe P Ulseis « eneratedto -vetothe„extdot(x- S calin g )or 

if (count + denominator >=* numerator) then 

count = (count ♦ denominator) - numerator 

advance = 1 
else 

count = count + denominator 
advance = 0 

X scaling controls whether the SFU supplies the next dot or a copy of the current dot when the HCU 

SFU has supphed an entire HCU line of data, the SFU will either re-read toe current line from DRAMnr 
advance to the next line of HCU read data depending on the programmed Y scStoT 
An example of scaling for numerator = 7 and denominator = 3 is given in Table 1 13 The sienal aA*w«. if 
asserted causes the next input dot to be output on the next cycle, otherwise the same t5j? 

Table 113. Non-integer scaling example tor scaleNum = 7, scaleDenom = 3 



mm 


MM 


m 


0 


0 


1 


3 


0 


1 


6 


1 


1 


2 


0 


2 


5 


1 


2 


1 


0 


3 


4 


1 


3 


0 


0 


4 


3 


0 


4 


6 


1 


4 


2 


0 


5 j 



25.6 Lead-in and lead-out cupping 

LT e T^ e ^ Where there r Y * «"° SoPEC devices ' ««* generating its own portion of a dot- 
aS£££^ 5 C 77 K 0t ^ T liCated * e ^ scale - fa ^ «»ber of times by an individual 
h 7 ^ dy , bC , SCa,ed * Up "'"^y with both devices doing part of the scaling, one on 
i, ^ C 0thef ° n US Iead ^ Scaled "P dots on the »«»d-out, i.e. which go beyond the HCUMn^ 

At the start of each line count in the pseudo-code above is set to XstanCount. If there is no lead-in Xstart- 

Sfm the »™ • T tot , wh * ° f ^ TaWe U3 - ,f there is ,ead - then^CounfneedVtote 
set to the appropriate value of count in the sequence above. 
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25.7 Interfaces between LDB, SFU and HCU 




hcu .sf u_advdot 





,hcu_sdata 


sfu. 


hcu_ava(f * 



HCU 



Figure 124, Interfaces between LBO/SFU/HCU 

25,7.1 LDB-SFU Interfaces 

frfm S. intefeaS t0 ^ SFU ' 1116 LB ^ *• next Une to th « SFU and reads the previous 

25.7.1. 1 LBDNextLineFIFO Interface 

™\ LB ™^ Lin fFO"KTf*c e from the LBD to the SFU comprises the following signals: 

• lod_sfu_wdata, 1 6-bit write data. 

• lbd_sju_wdatavalid. write data valid 

• lbd_sju_advline t signal indicating LDB has advanced to the next line. 
'ZiSSSlT ^ t0 ^ "** SfiiJbd ~ rdy iS ^ ^ LBD « thewtac stall waiting for the 

25. 7. f .2 LBDPrevUneFiFO interface 

The ipfjio™ .line read buffer interface from the LBD to the SDU comprises the following signals: 
lbd_sfu_pladvword f signal indicating to the SFU to supply the next 16-bit word. 
• lbd_jsfiA_advline. signal indicating LDB has advanced to the next line. 
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Previous line data is not supplied until after the first lbd_sfu_advline strobe from the LBD (zero data is 
supplied instead). The LBD should not assert lbd_jfu_pladvword unless sfujbd^rdyxs asserted. 

25. 7. 1 . 3 Common Control Signals 

sfii_ldb_rdy indicates to the LBD that the SFU is available for writing. After the first lbd_sju_advline and 
before the number of Ibdjsfu^pladvword strobes received is equivalent to the LBD line length, 
sfujdb^rdy indicates that the SFU is available for both reading and writing. Thereafter it indicates the 
SFU is available for writing. 

The LBD should not generate lbd__s/u_pladvword or lbd^fu_advline strobes until sjujdb_rdy is asserted 

25.7.2 SFU-HCU Current Line FIFO Interface 

The interface from the SFU to the HCU comprises the following signals: 

• sfuj\cu_sdata, l -bit data. 

• sfujicu_avail, data valid signal indicating that there is data available in the SFU HCUReadLine- 
FIFO. 

The interface from HCU to SFU comprises the following signals: 

• hcu_$fii_advdot, indicating to the SFU to supply the next dot 

The HCU should not generate the hcu_sJu_advdot signal until sfu_hcu_avail is true. The HCU can there- 
fore stall waiting for the sfitjicu_avail signal. 



Doc: SoPEC Jwdware_design 
Version: 2.3 



S3 Proprietary Document 



^29 Nov 2002 
Page 331 




SoPEC : Hardware Design 



25.8 Implementation 



25.8.1 Definitions of IO 



Table 114. SFU Port List 



Clocks and Resets 



pdk 



prst_n 



Q\U Read Interface signals 



sfu_dju_rreq 



sfu_diu_radr[21:5] 



dhj_sfu_rack 



diu_data[63:0] 



In 



SoPEC Functional dock. 



In 



Global reset signal. 



Out 



diu_sfu_rvafid 



DIU Write Interface signals 



64 



Out 



In 



In 



SFU requests DRAM read. A read request must be accom- 
panied by a valid read address. 



Read address to OIU 

17 bits wide (256-bit aligned word). 



Acknowledge from DIU that read request has been 
accepted and new read address can be placed on 
sfu_diu_radr. 



Data from DIU to SoPEC Units. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 1 27:64 of 256 bit word 
Third 64-btts are bits 1 91 :1 28 of 256 bit word. 
Fourth 64-bris are bits 255:192 of 256 bit word 



Signal from DIU telling SoPEC Unit that valid read data is on 
the diu^data bus. 



sfu^dru_wadr[21:5J 



dfu„sfu_wack 



sfu_diu_data{63:0] 



sfu_cfiu_wvaJid 



17 



64 



PCU Interface data and control signals 



Out 



Out 



In 



Out 



Out 



SFU requests DRAM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 



Write address to DIU 
1 7 bits wide (256-bit aligned word). 



Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 

sfu_diu_wadn 



Data from SFU to DIU. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191:128 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 



Signal from PEP Unit indicating that data on sfu_diu_data Is 
valid. 



pcu_addrf5:2J 



pcu_dataout(31:0] 



sfu_pcu^datain[31 :0] 



pcu_rwn 



pcu_sfu_sel 



32 



In 



In 



Out 



In 



In 



PCU address bus. Only 4 bits are required to decode the 
address space for this block 



Shared write data bus from the PCU 



Read data bus from the SFU to the PCU 



Common read/not-write signal from the PCU 



Block select from the PCU. When pcu_$fu_$ette high both 
pcu_addr and pcu_dataout are valid 
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Table 11 4. SFU Port List 



sfu_pcu_rdy 



LBO Interface Data and Control Signals 



Out 



ReaoV signal to the PCU. When sfu^>cu_rty \s high it indi- 
cates the Jast cycle of the access. For a write cycle this 
means pcu_dataouthas been registered by the block and 
for a read cycle this means the data on sfu ocu datain is 
valid. 



sfujbd_rdy 



lbd_sfu_adviine 



fbd_sfu_j)ladvwofd 



sfu Jdb_pldata(1 5:0] 



lbd_sfu_wdata(l 5:0] 



lbd_sfu_wdatavaJid 



16 
16 



Out 



Out 



in 



In 



Signal indication that SFU has previous line data available 
and is ready to be written to. 



Line advance signal for both next and previous lines. 



Advance word signal for previous line buffer. 



Data from the previous line buffer. 



Write data for next line buffer. 



Write data valid signal for next line buffer data. 



HCU Interface Data and Control Signals 



hcu_sfu_advdot 



sfu_hcu_sdata 
f sfujicu_avail 



In 



Out 



Out 



Signal indicating to the SFU that the HCU is ready to accept 
the next dot of data from SFU. 

BWevel dot data. " 



Signal indicating valid bMevel dot data on sfu_hcu_sdata. 
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25.8.2 Configuration Registers 

Table 115. SFU Configuration Registers 




0x04 



Reset 



Go 



0x1 



0x0 



Setup registers (constant for during processing the page) 



A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 



Writing 1 to this register starts the SFU. 
Writing 0 to this register hafts the SFU. 
When Go is deasserted the state- 
machines go to their fdJe states but all 
counters and configuration registers keep 
their values. 

When Go is asserted aJi counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The SFU must be started before the LBO 
fs started. 

This register can be read to determine if 

the SFU is running 

(1 - running. 0 - stopped). 



0x08 



OxOC 



HCUNumDots 



0x10 



0x14 



0x18 



0x1C 



0x20 



0x24 



HCUDRAMWords 



LB DN urn Words 



StartSfuAdif21:5] 

(256-bit aligned DRAM address) 

EndSfuAdr(21:5J 

(256-bit aligned ORAM address) 



XstartCount 



XscaieNum 



XscaJeDenom 



YscateNum 



YscaleDenom 



Work registers (PCU has read-only access) 



16 



12 



17 



17 



0x0000 



0x00 



0x000 



0x0000 
0 



0x0000 
0 



0x00 



0x01 



0x01 



Width of HCU fine (in dots). 



Number of 256-bit DRAM words in a HCU 
line. 



Number of 16-bit words in an LBD line. 
(LBD line length must be a multiple of 16 
bits). 



First SFU location in memory. 



Last SFU location in memory. 



Value to be loaded at the start of every line 
into the counter used for scaling in the X 
direction. Used to control the scaling of the 
first dot in a line. 

This value will typically equal zero, except 
in the case where a number of dots are 
clipped on the lead in to a line. 



Numerator of spot data scale factor in X 
direction. 



0x01 



0x01 



Denominator of spot data scale factor in X 
direction. 



Numerator of spot data scale factor in Y 
direction. 



Denominator of spot data scale factor in Y 
direction. 
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Table 1 15. SFU Configuration Registers 



0x34 



0x36 



0x3C 



HCUReadLineAdrf21 :5] 
(256-bit aligned ORAM address) 



HCUStartReadUneAdr[21 S) 
(256-bit aligned ORAM address) 



LBDNextUneAdr[21:5] 
(256-bit aligned DRAM address) 



LBDPrevUneAdr[21 :5] 
(256-bit aligned ORAM address) 



17 



17 



17 



17 



Current address pointer in ORAM to HCU 
read data. Read oniy register. 



Start address in DRAM of line being read 
by HCU buffer in ORAM. Read onry regis- 



Current address pointer in DRAM to LBD 
write data. Read onry register 



Current address pointer in ORAM to LBD 
read data. Read onry nag ister 
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25.8.3 SFU sub-block partition 



pcu_ 
pcu_sfu_& 

pcu_dataout(3l :0f 
sfu-pcu_data{3 1 X)}* 
sfu_pcu_ 



PCU 
Interface 



sfu_flo (to aB sub-Mocks) 
'V hcu_nurrudois ^ 




nJf_djuwreq 



nff_diuwack 



nlf_dkiwdata 64 



HCU 


hcu. 


[sfu_acVdol 


HCU Read 
Line FIFO 


sfu, 


_hcu_sdata 1 


4 3 


'_hcu_avaU 






SFU 





hrf_hcu_endoffine 



hrf_xadvance 



hrf_diurack 



hrf_dlurvafid 



hxf_cfiuhfle 



hcu_dram words ' 


> 


1 «y IxLnum words ' 


> 


' • ^ 

17^ start_sfu_adr 




*7„ end sfu adr * 




hcu_readnne_adr 17 




Dru 


3< hcu_startreadffn8_adr f£ 


Interface 


. Ibd^nextflne.adr { 7 
* . IU 


tt>d_prevGne_adr { 7 


Address 


xstart_count B 


Generator 


xscale_num £ * 


Unit 


xscaie.denom 4 ^ 


p 


(DAG) 


yscale_num §^ 





► sfu_diu_wreq 
>sfu_dfu_wadn;21:5J 
4* sfu_diu_data[63:0] 
- sfu_dig_wvaffd 
-dtu_sfu_wack 



*■ sfu_diu_rreq 

►sfu_diu_rado;21;5] 

-dlu_sfu_data(63^)] 

-dlu_sfu_rvalfd 

-rfiu.sfu.rack 



Figure 125. SFU Sub-Block Partition 
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The SFU contains a number of sub-blocks: 



msssmm 




rou i menace 


PCU interface, configuration and status registers. Also generates the Go 
and the Reset signals for the rest of the SFU 


L8D Previous Line 
FIFO 


Contains FIFO which is read by the LBD previous line interface. 


LBD Next Une FIFO 


Contains FIFO which is written by the LBD next One interface. 


HCU Read Une 
FIFO 


Contains FIFO which is read by the HCU interface. 


OIU Interface and 
Address Generator 


Contains DIU read interface and DIU write interface. Manages the 
address pointers for the bHevel DRAM buffer. Contains X and Y scaling 
logic. 



The various FIFO sub-blocks have no knowledge of where in DRAM their read or write data is stored. In 
this sense the FIFO sub-blocks are completely de-coupled from the bi-level DRAM buffer All DRAM 
address management is centralised in the DIU Interface and Address Generation sub-block. DRAM access 
is pre-emptive i.e. after a FIFO unit has made an access then as soon as the FIFO has space to read or data 
to write a DIU access will be requested immediately. This ensures there are no unnecessary stalls intro- 
duced e.g. at the end of an LBD or HCU line. 

There now follows a description of the SFU sub-blocks. 

25.8.4 PCU Interface Sub-block 

The PCU interface sub-block provides for the CPU to access SFU specific registers by reading or writine 
to the SFU address space. e 
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25.8.5 LBDPrevLineFIFO sub-block 



Table 116: LBDPrevLineFIFO Additional IO Definitions 







m 








pILrdy 


1 


Out 


Signal Indicating LBDPrevLineFIFO Is ready to be read 
from. Until the first lbd_sfu_adv1ine for a band has been 
received and after the number of Uxf_sfu_ptadvword strobes 
received for a line Is equal to LBDNumWords t plf_ rdy is 
always asserted. During the second and subsequent tines 
piLnJy is deasserted whenever the LBDPrevLineFIFO is 
empty. 


DIU and Address Generation sub-block Signals ~~ ' 


pff_diurreq 


1 


Out 


Signal indicating the LBDPrevLineFIFO has 256-bits of data 
free. 


pff_diurack 


1 


In 


Acknowledge that read request has been accepted and 
pff diurreq should be de-asserted. 


pILdiurdata ' 


1 


In 


Data from the DIU to L8DPrevUneF/FO. i 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191:128 of 256 bit word. 
Fourth 64-bits is are 255:192 of 256 bit word. 


pILdiunvafid 


1 


In 


Signal Indicating data on pff diurtfata is valid. 


ptf_diuidJe 


1 


Out 


Signai Indicating DIU state-machine is in the IDLE state. 



2S.8.S.1 General Description 

The LBDPrevLineFIFO sub-block comprises a double 256-bit buffer between the LBD and the DIU Inter- 
face and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words. The FIFO is 
written by the DIU Interface and Address Generator sub-block and read by the LBD 
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LBD 
sfu,bd_p»data <*- 



16 



word_seteca y 



64 



U>d_sfu_placfvwofd 



lbd_sfu_advfine 



Ibd_num_wordg 12 



8 word 
64-bit FIFO 



read 



write 



'njad_acfr writ© 



ZERO 



64 



.pILdiurdata 



wiUe_adr 



FIFO control 
logic 



ptf_diurreq 



pW.dlurack 



^ ptfjcfiurvati d 



Figure 126. LBDPrevUneFifo Sub-block 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DIU Interface 

^i^^r^ bl0Ck Z^f Pl/ - diUrn «- A WPtO*~~* indicates <JLe^Z 
nas been accepted and plfjtiwreq should be de-asserted. 

Ht? 2** to *\ F1F ° 35 ^bits on plf_diurdata[63:0] over 4 clock cycles. The signal 

2f£5£f "? J - C ^ retUnied ° a P { f- di «>*«>t63:0] is valid. «™S is usedto ££ 
Tr^LiTpfpTl^^ 6 -!!' a T d t0 inCrement the FIFO write address, write_adrf2:0J. If theW 
PrevLtneFIFO still has 256-b.ts free then plf_diurreq should be asserted again. 

2L£2' ,nte ^.^ d A L dd f ss Generation sub-block handles all address pointer management and DIU 
interfactng and decides whether to acknowledge a request for data from the FIFO. 



pclk 
plf_diurreq 
plf_diurack 
plf_diurvalid 




J L 



plf_diiirdata[63:0] Q 



I 1 | 2 I 3~TT 



] 



Figure 127. Timing of signals on the LBDPrevLineFIFO Interface to DIU and Address Generator 

The state diagram of the LBDPrevLineFIFO DIU Interface is shown in Figure 128. Ifsjueo is deasserted 
then the state-machine returns to its idle state. W~Bo aeasserted 
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reset==o 

— * 



5 



Qp=Q 



Idle 



3 



diuldfe = 1 



256-bfts tree fn F|PO 



^ Request^ 



diurreq = 1, druldle =0 



C 



Ack 



dfurack=l 

diurreq = o 



DataO ^) 



diurvalfd^l 



^ Datal ^ 



dlwrvalfd==i 



Q Data2 



dlurvaHd=1 



Data3 ^ 



Figure 128. Timing of signals on LBDPrevLineFIFO interface to DIU and Address Generator 

The LBD reads 16-bit wide data from the LBDPrevLineFIFO on sjujbdvldata[15 0] 
l^f ladvWord from LBD teUs ^ LBDPrevLineFIFO to supply the next 16-bit wonL The FIFO 

SS 2 ^Jbd^ta[15:0]. When the entire current 64-bit FIFO word has been read by the LBD 
lbd_sfu_pladvword will cause the next word to be popped from the FIFO. 

Previous line data is not supplied until after the first lbd_sfii_advline strobe from the LBD after sfueo is 
asserted (zero data is supplied instead). Until the first lbd_sju_advline strobe after 
lbd^sfu_pladvv/ord strobes are ignored 

The LBDPrevLineFIFO control logic uses a counter, pladvword_count[l 1:0]. to counts the number of 
Ibd^Ju^ladvword strobes received for the line. The pladvword_count counter is reset to 0 by 
SoNu^JrX indiCateS Whcn number of ^sfu^pladvword strobes received is equal to 

The LBDPrevLineFIFO generates a signal />//_/-<*> to indicate that it has data available. Until the first 
lbd_sfii_advhne for a band has been received and after the number of Ibd^ju^pladvword strobes received 
for ahne » equal to LBDNum Words, plf^rdy is always asserted. During the second and subsequent lines 
plf-rdy is deasserted whenever the LBDPrevLineFIFO is empty. 

I^™ 2 ??" f ° f 6 FCad fr ° m DRAM Can contain extra P«Wta« which should not be output to 
the LBD. This * because lbd_num__words may not fit exactly into a 256-bit DRAM word When the count 
7 %^ oU *> d - s J*-l> lad ™ord strobes received for a line is equal to lbd_num_words the LBDPrev- 
LineFIFO must adjust the FIFO read address to point to the next 256-bit word boundary in the FIFO This 
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SZfiSZS ^T^f^^T^ 7***P*1- wi » ^ 3 bits to address 8 loca- 
JSm^SZX ^ 15 CalCUlated by the MSB of * e rcad -^ and 

if (pladvword_count « lbd_nura_words> then 
read_adr U :0] t bOO 
read_adr[2J = ~read_adr[2] 

25.8.6 LBDNextLineFIFO sub-block 

Table 117, LBDNextLfneFIFO Additional 10 Deflnlllon 





nlf_rdy 

OIU and Address Generation cut 


1 

►-block Slg 


Out 
nals 


Signal indicating LBDNaxtUneFlFO is ready to be writtento" 
i.e. there is space In the FIFO. 


nif_diuwreq 


1 


Out 


Signal rndteatmg the LBDNextUneRFO has 256-bits of data 
for writing to the DIU. 


nlf_diuwack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and write data can be output on nff diuwdata 
together with ntf diuwvalkt. 


ntf_diuwdata 
nJf_diuwva!id 


1 
1 


Out 
In 


Data from LBDNaxtUneFlFO to DIU Interface 
First 64 -bits is bits 63:0 of 256 bit word 
Second 64-Wts is bits 127:64 of 2S6 bit word 
Third 64-blts Js bits 191:128 of 256 bit word 
Fourth 64-blts is brts 255:1 92 of 256 bit word 

Signal Indicating that data on wi(_diuwdaia Is valid. 



25.8.6.1 General Description 

L iT^ UneF ^ F ° SUW>lOCk a *>*>le 256-bit buffer between the LBD and the DIU Inter- 

face : and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit wo!ds Tte FIFO is 
wntten by the LBD and read by the DIU Interface and Address Generator 
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sfu_wdata_reg 



txJ_sfu_wdata . 



16 



64 

-7^ 



tbd_sfu_wvaUd 



*M_sfu_advfine 



ftxJ_num_words *2 



rff_rdy 



8 word 
64-bit FIFO 



write 



read 



word_safect y "2 write_adr 



wrlte_en 



z'3 road_adr 



64 



— ► nlLdiuwdata 



FIFO control 
logic 



nILdiuwreq 



nff_diuwack 



ntf_dluwvafid 



Figure 129. LBONextUneFifo Sub-block 

Whenever 4 locations in the FIFO are full the FIFO will remioct is^it* ~e a ♦ ♦ ^ 

Interface and Address Generator by asS ,/^^^ ^ to DIU 

has been accepted and nlf^reJsteJtte Z^Zi<£ ^ 

DIU Interface as 64-bits on nlfdiuwdataftZl^ ofnlf_duwack, the data is sent to the 

that the data on nlf diuwdaJij^ I^St * nlf_diuwvalid indicates 

after nlf diuwach If *eS$£^^ ******* Witb *» smalIest lat ™* 

asserted agX LBDNextLlneFIFO ^ 256-bits more to transfer then nl/^diuwreg should be 




Figure 130. Timing of signals on LBDNextUneFIFO Interface to DIU and Address Generator 
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QQ=eO 

feset=Q ( " 



ShLS 



Idle 



256-brts m 



^ Request ^ diuwreq = 1 
f Ack J diuwreq = 0 
^ DataO^^ <fiuwvalid=1 



C Datal ^ diuwvalicM 



^ Data2 diuwvaiid=l 



^ Data3 diuwvalid=l 

Figure 131. LBDNextUneFIFO DIU Interface State Diagram 

^^Lf / -? K i ndiCateS , LBDNextLi »W> ^ space for writing by die LBD. The LBD 
rSUL U 7 . 5? °^ ^-^PS*]. lbd_sfu_walid indicates that the data is valid 

The data is collected to make up a 64-bit word before being written to the FIFO. 

The LBDNextUneFIFO ^control logic counts the number of lbd_sju_wvalid signals. The Ibdsfu wvalid 

is S TlTduII^-^T indicates when number of « X^ilSS 

^^f^XSo-^~ 8 " ^ F,FO " ^ flUShCd 40 DRAM ***** 
25.8.7 sfu_lbd_rdy Generation 

L^DN^utJ^ " 8Cnerated ^ fr ° m Ae WDPnLlnnFlFO and „//_^ from the 

rtZTl After 1 the "'d.s/u.advline and before the number ot Ibd^ju^ladword strobes 

receded ,s equivalent to the line length, 4/i,ja&_*fr indicates that the SFU is avaS fiwZhreSn? 
.-there « data m the UflrWnli.wa and writing. Thereafter it indicates the SFuYs a^.aSelbr 
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25.8.8 LBD-SFU Interfaces Timing Waveform Description 



The main points to note from Figure 132 are- 

• The data i on x lbdjju_y,data is valid and this is indicated by Ibd sfu wdatavalid beine asserted 

* cvl 0 ^ 16 ? t Jb 1~^ iS deaSSeited however *• LBD «« ^ react to this signal until clock 

dXni * m ^ 1 3 *"* iS 2180 VaM **» from 46 LBD ^ch « captured in dock w e 4 bv 

SSiS Z ^ ** ! Vai ' able ,OCation available » the F'FO » the SFU. In cSk cySe 4 the 
LBD has entered a pause mode and waits for sfu_Ibd_rdy to be asserted again 

# &-™^i\7l^o f° C « CyCk 7 P t J° Uld !" d0ck Cydc >' "* occu * once the SFU can 
™ at ' east J 2 16 1 j Mt FIFO locations available again. The LBD detects this and on clock cvcle 8 it 

Scenario 1 : 

£r ib l?-' Z ? J Wi11 f° , ,ow whcn there is still is still 1 piece of data in the FIFO If there i, a 
Ibd^lad^ord pulse in the next cycle the data will appear on sfuJbd^plltaflSOJ 
Scenario 2: 

oS^^S^f T w }V. am » «m ' Pi«* of to to 0» FIFO. If .here to co ;w ,>j/«MW 
sjujbd_pldata[l 5:0]. *ju_i<u>_ray will assert again, and so the data will appear on 

Scenario 3: 

tr l ^- r t7 m J° !° W When ^ is 80,1 15 stiU 1 of data in the FIFO If there is no 

^D^Zl^T ^ "* ft » *«= ^ ° f * c then the S^Vdo no mo- reads 

evTlast^'o^-^ °S 1 remam GC - aSSerted > ^ the data will not be read out from the FIFO How! 
sT^3 SE££ST ^ ^ "** ^ *• LB ° «* Wi » « * ^ by the LBD. 
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Rcflti from SFUtoIrBD 




Figure 132. Signal waveforms between LBD and SFU 
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25.8.9 HCUReadLineFIFO sub-block 

Table 1 1 8. HCUReadLineFIFO Additional IO Definition 



J3 











Dili and Address Generation sub-block Signals a ™ fl ^ |V 


hrLxadvance 


1 


In 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hrf_hcuendofline . 


1 


Out 


Signal lasting 1 cycle indicating then end of the HCU read 
line. 


hrLdiurreq 


1 


Out 


Signal indicating the HCUReadLineFIFO has space tor 256- 
bits of DJU data. 


hrf_diurack 


i 


(n 


Acknowledge that read request has been accepted and 
hrf_dIurTBq should be de-asserted. 


hrf.diurdata 


1 


In 


Data from HCUReadLineFIFO to DIU. 
First 64-blts are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191 :1 28 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 


hrf_diurvafid 


1 


In 


Signal indicating data on pfLdiurdata is valid. 


hrf.diukfle 


1 


Out 


Signal indicating DJU state-machine is in the IDLE state. 



25.8.9.1 General Description 

The HCUReadLineFIFO sub-block comprises a double 256-bit buffer between the HCU and the DIU 
Interface and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words. The FIFO 
is written by the DIU Interface and Address Generator sub-block and read by the HCU 



LBD 
sfu„hcu_sdata <- 



btt_select 



jsfu_hcu_avaU 



hcu_sfu_advdot 



hrf_xadvance 



hrf_hcu_endofline 



8 word 
64-bit FIFO 



read 



write 



read_adr 



wrlte_en 



64 

— S hrf _dhj rdata 



/'3 



write_adr 



FIFO control 
logic 



hriLdJurreq 



hrf_dkjrack 



^ hrf dfarvafi d 



Figure 133. HCUReadUneFffo Sub-block 
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The DIU Interface and Address Generation (DAG) sub-block interface of the HCUReadLineFIFO is iden- 
tical to the LBDPrevLineFIFO DIU interface. 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DAG sub-block 
by asserting hrf_diurreq. A signal hrf_diurack indicates that the request has been accepted and hrfjiiurreq 
should be de-asserted. 

The data is written to the FIFO as 64-bits on hrf_diurdata[63:0] over 4 clock cycles. The signal 
hrf_diurvalid indicates that the data returned on hrf_diurdata[63:0] is valid, hrfjtiurvalid is used to gen- 
erate the FIFO write enable, write^en, and to increment the FIFO write address, write jidr [2:0]. If the 
HCUReadLineFIFO still has 256-bits free then hrfjdiurreq should be asserted again. 

The HCUReadLineFIFO generates a signal sjujicu_avail to indicate that it has data available for the 
HCU. The HCU reads single-bit data supplied on sfit_hcu_sdata. The FIFO control logic generates a sig- 
nal bit_jelect which selects the next bit of the 64-bit FIFO word to output on sfiijxcu^sdata. The signal 
hcu_sfit_advdot tells the HCUReadLineFIFO to supply the next dot (hrfjzadvance "« 1) or the current dot 
(hrfjxadvance « 0) on sfujicu_sdata according to the hrfjuidvance signal from the scaling control unit in 
the DAG sub-block. The HCU should not generate the hcu _j>ju_advdot signal until sfiijicujxvail is true. 
The HCU can therefore stall waiting for the sjujxcujxvail signal. 

When the entire current 64-bit FIFO word has been read by the HCU hcu_sju_advdot will cause the next 
word to be popped from the FIFO. 

The last 256-bit word for a line read from DRAM and written into the HCUReadLineFIFO can contain 
dots or extra padding which should not be output to the HCU. A counter in the HCUReadLineFIFO, 
hcuadvdot_count[15:0] t counts the number of hcujsfu_advdot strobes received from the HCU. When the 
count equals hcu_num_dots[I5:0] the HCUReadLineFIFO must adjust the FIFO read address to point to 
the next 256-bit word boundary in the FIFO. This can be achieved by considering the FIFO read address, 
read_adr[2:0] t will require 3 bits to address 8 locations of 64-bits. The next 256-bit aligned address is cal- 
culated by inverting the MSB of the read_adr and setting all other bits to 0. 

If (hcuadvdot_count == hcu_nunudots) then 
r ead_adr [ 1 : 0 3 « bOO 
read_adrC2] = *-read_a<±r [2] 

The DIU Interface and Address Generator sub-block scaling unit also needs to know when 
hcuadvdot__count equals hcu_num_dots. This condition is exported from the HCUReadLineFIFO as the 
signal hrfjxcuendoftine. When the hrfjicuendofline is asserted the scaling unit will decide based on verti- 
cal scaling whether to go back to the start of the current line or go onto the next line. 

25.8. 9. 2 DRAM Access Limitation 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This.could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 
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25.8.10 D1U Interface and Address Generator Sub-block 



Table 119. DIU Interface and Address Generator Additional IO Description 







Internal LBDPrevLlneFIFO Inputs ' ' 


plf_dturreq 




In 


Signal Indicating the LBDPrevUneF/FOhas 256-bits of data 
free. 


plf_diurack 




Out 


Acknowledge that read request has been accepted and 
pILdiurreq should be de-asserted. 


plf_diurdata 




Out 


Data from the DIU to LBDPrevUneFIFO j 
Rrst 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 1 27:64 of 256 bit word 
Third 64-bits are bits 1 91 : 128 of 256 bit word 
Fourth 64-bits are bits 255:192 of 256 bit word 


plf_diurrvalid 




Out 


Signal indicating data on pfLdiurdata is valid. 


plf.diuidte 




In 


Signal indicating DIU state-machine is in the IDLE state. 


Internal LBDNextLlneRFO inputs 


nff_diuwreq 




In 


Signal indicating the LBDNextLineFIFO has 256-bits of data 
for writing to the DIU. 


ntf_diuwack 




Out 


Acknowledge from DIU that write request has been 
accepted and write data can be output on nfLdiuwdata 
together with ntf_diuwvalid. 


nlfjdJuwdata 




In 


Data from LBDNextLlneRFO to DIU Interface. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-bits are bits 255:192 of 256 bit word 


ntf.dluwvaltd 


1 m 


Signal indicating that data on wtfjdiuwdata is valid. 


Internal HCUReadUneRFO Inputs 


hrf_hcuendofline 




In 


Signal lasting 1 cycle indicating then end of the HCU read 
line. 


hiOcadvance " 




Out 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hrf_diurreq 




In 


Signal indicating the HCUReadUneRFO has space tor 256- 
bits of DIU data. 


hrf_diurack 




Out 


Acknowledge that read request has been accepted and 
hrCdiurwq should be de-asserted. 


hrf__diurdata 




Out 


Data from HCUReadUneF/FOto DIU. 
First 64-bits are bits 63.*0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-bits are bits 255:192 of 256 bit word 


hrf.diurvalid 




Out 


Signal indicating data on pit diurdata is valid. 


h rf_di ukfle 




In 


Signal indicating DIU state-machine is in the IDLE state. 
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25.8.10. 1 General Description 

The DIU Interface and Address Generator (DAG) sub-block manages the bi-level buffer in DRAM. It has a 

? JS? T?™ f ° r thC LBDNextL ™ F *F0 and a DIU Read Interface shared between the HCURead- 
LtneFIFO and LBDPrevLineFIFO. 

All DRAM address management is centralised in the £WG. DRAM access is pre-emptive i.e after a FIFO 
unit has made an access then as soon as the FIFO has space to read or data to write a DIU access will be 
requested immediately. This ensures there are no unnecessary stalls introduced e.g. at the end of an LBD 
or HCU line. 

u, 0n ^°!Jl 0giC f ° r horizontal "x* vcrtical non-integer scaling logic is completely contained in the DAG 
sub-block. The scaling control unit exports the hlf^advance signal to the HCUReadLineFIFO which indi- 
cates whether to replicate the current dot or supply the next dot for horizontal scaling. 

25.8.10.2 DIU Write Interface 

The WDNextLineFIFO generates all the DIU write interface signals directly except for 
sfit_diu_wadr[21:5] which is generated by the Address Generation logic 

The DIU request from the LBDNextLineFlFO will be negated if its respective address pointer in DRAM is 
^TdVwnq = °" 1116 implcmentarton must ensure no erroneous requests occur on 



n!f_dluwreq 



nff,adrvafld. 



& 



wrtte_req 



nlf_diuwack 



mf_dtuwdata 64 




nILdtuwvaUd 



DIU 
k Write 



Interface^ ^ 



sfu_dhj_wreq 
— diu_sfu_wack 



64 



y ► sfu_diu_dataI63:0) 



sfu_dlu_wvalld 



Figure 134. DIU Write Interface 



25. 8. 10.3 DIU Read Interface 



Both HCUReadLineFIFO and LBDPrevLineFIFO share the read interface. If both sources request simul- 
taneously, then the arbitration logic implements a round-robin sharing of read accesses between the HCU- 
ReadLineFIFO and LBDPrevLineFIFO. 

The DIU read request arbitration logic generates a signal, select Jirjplf. which indicates whether the DIU 
££S % fr ° m HCUReadLineFIFO or LBDPrevLineFIFO ^HCUReadLineFIFO \ 1 = LBDPrevLine- 
, ££„„ gUI ! 135 sh0WS * l «*J»ffl multiplexing the returned DIU acknowledge and read data to either 
the HCUReadLineFIFO or LBDPrevLineFIFO. 
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sefecLhrfptf 




cfiujdte 



<Jiu_sfu_rack 



fcrf_dTurdata 



ptf_dlurdata 



p!f_dlurvalkJ ^ 
hft_d,urvaOd 



4 y— dlu_sfu_data{63:0] 



<Uu_sfu_/vaBd 



Figure 135. DIU Read Interface multiplexing by seiect_hrfptf 

™™on£%^^^7 ^ iS , Sh0Wn m FigUre 136 ' ^ ^gic win select a DIU read 

request on hrf^dxurreq or plf_jdiurreq and assert j/w <f/u m?r7 which or^ tn. tu* nni n,* . 

the DIU mn ^:l ^ 1 ?!l r ° quest on d,u ^~rack Arbitration cannot take place again until 
toe DIU sme-machme of the arbitrahon wmner is in the idle state, indicated by diu idle This is necessarv 
to ensure that the DIU read data is multiplexed back to the FIFO that requested it necessary 



hrf_dftiwroq 



hrf.adrvalrd 



ptLdwwreq 



pJLadrvand , 



& 



& 



diu_sfu_rack 
diujdle 



Read Request 
Arbitration Logic 



2 

history 
> 



busy 
> 



select_hrfplf 
-►sfu_diu_rreq 



Figure 136. DIU read request arbitration logic 



Doc: SoPEC_hardware_design 
Version: 2.3 . 



S3 Proprietary Document 



291Mov 2002 
Page 350 



SoPEC : Hardware Design 



TTie DTU read requests from the HCUReadLineFIFO and LBDPrevLineFIFO will be negated if their 
re^ectjve addresses .n DRAM are invalid, hrCadrvalid = 0 or pl^adrvalid = 0. The implementation mus" 
ensure that no erroneous requests occur on sfit_diu_rreq. 

If the HCUReadLineFIFO and LBDPrevLineFIFO request simultaneously, then if the request is not fol- 

SSVTf TlT htT DIU read port access ' arbitration l0 * ic wU1 cl ">°*° ii-icraJtSL 

by default If there are back to back requests to the DIU read port then the arbitration TogTc 
raiments a round-robin sharing of read accesses between the HCUReadLineFIFO and LBDPrevLine- 

A pseudo-code description of the DIU read arbitration is given below. 

" ESZiiiTxSr- hCf ' :Plf> ' ^ iS KC ™-^-FIPO. plf is LBDPrevLineFIFO 
select_hrfpl£ = 0 // default choose hrf . 

history = none // no DIU read access immediately preceding 

8 ^ <, ^Tr, maCh i ne iS b " Sy betwoen M^rting sfii_diu_rre< 1 and diddle = 1 
2 (diufidirf/^r • t * t ~" "~ iS iB f -« busy 

busy • 0 

//if acknowledge received from Dili then de-assert DIU request 
xf (diu_sfu_rack == 1) then 

//de-assert request in response to acknowledge 

sfu_diu_rreq = 0 

// if not busy then arbitrate between incoming requests 
// xf request detected then assert busy 
if (busy c- 0) then 

//if there is no request 

if (hrf_diurreq == 0) AND (plf_diurreq == 0) then 

sfu_diu_rreq = 0 

history « none 
// else there is a request 
else { 

// assert busy and request DIU read access 
busy b x 

sfu_diu_rreq * 1 

// arbitrate in round-robin fashion between the requestors 
// if only HCUReadLineFIFO requesting choose HCUReadLineFIFO 
if (hrf_diurreq 1) AND (plf^diurreq == 0) then 

history = hrf 

select_hrfplf = 0 
// if only LBDPrevLineFIFO requesting choose LBDPrevLineFIFO 
if <hrf_diurreq == O) AND <plf_diurreq 1) then 

history = plf 

select_hrfplf = 1 
//if both HCUReadLineFIFO and LBDPrevLineFIFO requesting 
if (hrf_diurreq == X) AND (plf_diurreq 1) then 

// no immediately preceding request choose HCUReadLineFIFO 

if {history «= none) then 
history = hrf 
select_hrfplf = 0 

// if previous winner was HCUReadLineFIFO choose LBDPrevLineFIFO 
elsif (history hrf) then 

history = plf 

select_hrfplf e 1 

// if previous winner was LBDPrevLineFIFO choose HCUReadLineFIFO 
els if (history plf) then 
history = hrf 
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25.8.10.4 



S3 



select_hrfplf = o 
/ / end there is a request 



Address Generation Logic 
The DIU interface generates the DRAM addresses of data read and written by the SFU's FIFOs 



sfu_go 








17„ starl_sfu_adf 




-9- 


sfu_dhi_radrl2l:5] 








sfu_diu_wadrf2i:5} 




17, end_sfu adr 










» 


Address Generator 








8 . ncu_dram words 








r*cu_readline_adr 






» 






hcu.etartreadllne_adr 


— ► 










tod_naxtline_adr 


— ► 


rat_<fiumck 








RxJ_prev1Jne_adr 


— ► 

-*> 


ntf_diuwack 








hrf.adrvalid 




ptf_diurack 


► 






hff_starLarfrval(d 






1 






nlf_adrvafid 




tod_sfu_advfine 








ptf_adrvalid 


-> 


1 





Figure 137. Address Generation 

Address Generation 

There are four address pointers used to manage the bi-level DRAM buffer 

a. hcu_ re adline_adr[21:5] is the read address in DRAM for the HCUReadLineFIFO 

:SJ is start address 111 DRAM for the c ™ * 

c. lbd_nextline__adr[21:5] is the write address in DRAM for the LBDNextLineFIFO 

d. lbd_prevline_adr[21:5] is the read address in DRAM for the LBDPrevLineFIFO 
The current value of these address pointers are readable by the CPU. 

Four corresponding address valid flags are required to indicate whether the address pointers are valid- 

a. hlf^adrvalid. 

b. hifj5tart_adrvalid. 

c. nlfjadrvalid. 
d - pVLadrvalid. 
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J3 



DRAM r ewsK from <he FIFOs will „« b e issued ,„ tte DIU __ „„ fla8 js ^ 

Rules Tor address pointers 

The address pointers must obey certain rules which indicate whether they are valid- 
a. ha*_readline_adr[21:S] is only valid if it is reading earlier in the line than 

""E? Sr 111 !! f ^ CUrre0t ,ine * at * e HCU is fr ™ i.e. W-*artadrvalid = 

lbd_nexiline_adr[21:5J !=hcu_startreadline_adr[2I:S]. 

cThe LBDNextLineFIFO must be writing earlier in the line than LBDPrevLineFIFO is readme 
and must not overwnte the current line that the HCU is reading fromi.e. „// aZalS- 
lbd_nextl t ne_adr[2l:5] /= lbd_prevline_adr[21:S] AND hcu_startreadline~_yalid 

' ^^T^lf 1 ™?* right "P 10 1116 address ^ LBDNextLineFIFO is writing / e 
plf.adrvalid = lbd_prevline_adr[21:S] != lbd_nextline_adr[2I:S]. 8 

°" ; C ' ^ en « asserted, the pointers are reset to jfar* ^ __>/_-/ w The first 

f. The address pointers can wrap around the SFU bi-level store area in DRAM. 
X scaling of data for HCUReadLineFIFO 

The signal hcu_jfu_advdot tells the HCUReadLineFIFO to supply the next dot or tho «„™, a ♦ 
sh^pTua^nttf ' SUPP,/ *" ° eXt ** ^ " 0 the HcZZdZineFIFO 



By. xstait_coum 
^ — ■ -> 




rtrf_xadvanc8 


S _ xscaJe_num 
— » 

^ — + 


X Scaling Control 
Unit 


. ^ 


tvt-hcu_endomne 


hcu_sfu_arJvdot 


» 



Figure 138. X scaling control unit 

The algorithm for non-integer scaling is described in the pseudocode below. Note x scale count «nn,.M 

SC^CSESMS - - ° f ~ h - - - «^st=r* 

if <hcu_sfu_dotadv == 1) then 

if (x_.scale_cc.unc * x_ S cele_denom - x.scale.num >= 0) then 

^:xedv:n^ t = = 1 X - SCOle - COUn,: * *- Scale - d — - x.scale.num 
else 

x_scale__count = x_scale_count + x.scale denom 
hrf^xadvance * 0 

else 
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x_scale_counc = x_scale_count 
hrf_xadvance = 0 



Y scaling of data for HCUReadLfneFIPO 

if <hrf_hcu_endofline == l) then 

if (y scale^count + y.scale.denom - y_s C ale_num >= 0 > then 
y_scale_count * y_scale__count ♦ y scale i Pnflm " f 
hrf_yadvance = 1 y_scale_denom - y_scale_num 

else 
else 

yjcale.count = y,ac*le_count 
hirf_y advance = 0 





yscaia.num 


* 




. rtrf_yadvance 




yscale.denom 
hrf_hcu_endofane 


► 


Y Scaling Control 
Unit 




► 











Figure 139. Y scaling control unit 

//advance to start of next KCU line in DRAM 
hcu_e tar treadl ino_adr = hcu !Hrtr..rtn.T J 

//How for address wraporo^d * hcu - d '*>*-»°^ 

offset - hcu_ S tartreadli„e_adr - encLefu a dr 
if (offset >= 0) then 

^ hcu_ s tartreadline_adr - atart^sf u_adr ♦ offset 
teu readline.adr =. hcu_ B tartreadli„e_adr 

hcu_readlxne_adr = hcu_startre*dline_adr 



Figure 140 shows an overview of X and Y scaling for HCU data. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29Tlov 2002 
Page 354 



SoPEC : Hardware Design 



ORAM 



hcu_startreadiine_adr hcu readline adr 

mm 



start of next hcu fine In ORAM » 

hcu_startreadllae_adr + hcaj_dnuruwords 



When DRAM reads tor Jine 
are complete advance to next 
Kneor return to start of current \\ 
acc ording to Y-scaGnq , 




hcu_sfu_advdot 



hcu_sfu_advdot 



sfu_hcu_sdata 

r 

HCUReadL i neFlFO 



Figure 140. Overview of X and Y scaling at HCU Interface 



Address generator pseudo-code: 
Initialization: 

if (sfu_go rising edge) then 

//set flag to allow first write 
init - 1 

lbd_nextline,adr(21:5] = start_sfu_ a dr f 21 :5] 
hcu_readline_adr(21:5] = start_sfu_adr (21 - 5 
hcu T startreadline^adr(2l: 5J « start_sfu_adr [21 :5) 

//if first write complete 

elsif <plf_adrvalid « l) then 

// reset flag allowing first write 
init s= 0 



Address valid signals: 

hrf.adrvalid * hcu_readline_adr != Ibd.nextline adr 
nir!d^ai?T al , id . = lb *- ne *'line--adx I- hcu_s tart readline adr 

Address pointer updating: 

/ /LBDNextLineFIFO 

//if end of SFU address range 

if (lbd_nextline^adr « end_sfu_adr) then 

//go to start of SFU address range 

lbd_nextline_adr = start^sfu adr 
else 

//increment address pointer 
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lbd_nextline_adr = lbd_nextline_adr ♦ 1 
// LBDPrevLineFIFO 

if^dfu" " knowled 9 e a "d LBDPrevLineFlFO address is valid 

lbd_prevline_adr = start_sfu adr 
else 

lbd_prevline_adr = lbd_j?revl ine_adr ♦ 1 
// HCUReadLineFIPO 

If^diu^r" 1 a = taowled 9« HCDRaadLineFZFO address is valid 

^^^rss^^js ------ - 

-I^fe^re^^ * ^dra^ords 

offset = hcu_otartreadli„e_adr - end_sfu adr 
if (offset >= o> then 

, hcu - s t«rtreadline_adr = start_sfu_adr ♦ offset 
hcu readline_adr » hcu_startreadline adr 

hcu.readline^adr = hcu^tartreadlineZaT 0> 
//if pointing to end of SFU address apace 
elsxf <hcu_readline_adr end_efu_adr> then 

//go to start of SFU address space 

ncu_readline_adr * start_sfu adr 
else ~ 

//increment address pointer 
hcu_readline_adr » hcii^readl ine_adr ♦ 1 
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26 Tag Encoder (TE) 



J3 



26.1 Overview 



i» .he X-dirccft,,,. Thus. £ te ea ^ n ^ ^ ! ?ll-? , *r ,,<> ? "** *• ™ »W»<s iMegr scaling 
quenlry seated „p to 1<0 o ^ *" « «**"»ns tess *« 1«00 dpi wfcich can b. sota? 

.o^ *. dram. ». iJi-siiiiTSia^r ASr^ *» » *- 



DRAM 
Interface 



lag 
encoder 



tag FIFO 
unit 



PCU 



A rtafftoner/ 
compositor 



te_fintehedband 



Figure 141. High level block diagram of TE in context 

provided on offset-printed page* using 61^^ 5 ^cpttve. limited functionality can be 

encode buttons. Alternatively an invS^ SKSSE^S^X ^ ' ** CXamP,e t0 

a regular page. However, if invisible IR int it^T . to P"™ Position tags over the top of 

Ration on the page is S^iS^^SS ttSSTT'. fV* ^ ^ 
tags. The monochromatic scheme was ri,™— J , ^ 35 black mk w11 obscure the infrared 
When multinle SoPPr „ maX ' mi2C d ' namic * blurry reading environments 

&t^: f ^ s s s 2 i S d ss cycle - •? t - h « 

52 cycles within PEC1. If the SoPEC TE wtLtc , temSilS 1! y accom P hsh < ! d « approximately 
nominal one dot per cycle it should notiose tie «/S Zclf^ P roductio « T*r cycle to a 

iu not lose me o3/52 cycle performance edge attained in the PEC1 TE. 
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26.2 What are tags? 



S5 2L£?£ ™ y ? > m 19405 by Wood,and and Silver - and p—** in 1952 

SIntnf h } J, n e 'f^° mC pUtS WCre SCarCC and verv cx P ensive - N ° w however, with the 

ZT I T f l y aV3llable C ° mpU,er technol °gy. near'/ every item purchased from a shop con- 
tains a barcode of some description on the packaging. From books to CDs, to grocery items the barcode 

E2? 4 TT* T y ° f J dentifyin8 <» ob *« bv a I™** number. ^e^acTTnte^ tationTf the 
product number depends on the type of barcode. Warehouse inventory tracking systems let users define 
then- own product number ranges, while inventory in shops must be more universally encoded so that prod- 
fSc^7J°T PI 7 u OV T laP ^ pr ° duCtS fr ° m mother ""W- Universal Product Codes 
STS^SsoT m S ^ ^ reqUGSt ° f ** Nati ° nal Association of F ood Chains for 

!itri V H S ^i 5611 SpCC j fiCd ^ * ,argC nUmber ° f f0nnats - 7116 oWer barcode f onnats contain 
mfoJ^JS T ^ ^ m . the ^r of lines - ^ combination of black and white lines describe the 
ch3t™ r COntai ^- ° ften thCre ^ **** of «nes to form the complete barcode: the 

mZS ™ * £ ,tS u lf> ^ ,iQeS t0 W0cks fOT better 0P tical ^cognition. While fte 

_™ at, ° n mav chan ge from barcode to barcode, the lines to separate blocks stays constant. The lines to 
separate blocks can therefore be thought of as part of the constant structural components of the Wo! 

fi, a ™ d< * are read ^ specialized reading devices that then pass the extracted data onto the computer for 
further processmg. For example, a point-of-sale scanning device allows the sales assistant to add tin e 
tiot^tc uT CUrrent ? C ' PlaCCS ^ namC 0fthe itCm «» me P rice on a display device for vTrifica! 
mad tiS ba^od« ^ ' SCaMerS ' 0t feaderS ' CameR,S ^ anMn « ^ ^ o^ces used to 

Jo help ensure that the data extracted was read correctly, checksums were introduced as a crude form of 

°oof^ 0n - re reCeDt barcode fonnats . «"* as the Aztec 2D barcode developed by Andy Longacre 

T^ Jt "7?? US559 1956) ' bUt nOW released t0 P ubbc domain, use redundancy enSng 

schemes such as Reed-Solomon. Reed Solomon encoding is adequately discussed in [24], [261 and [301 
The reader us advised to refer to these sources for background information. Very often the degree of redun- 
dancy encoding is user selectable. 

More recently there has also been a move from the simple one dimensional barcodes (line based) to two 
^ZTt ^ , InStead ° f St0ring me ^conation as a series of lines, where the data can be 
ST 7 n k" 8 L enS, ° n ' ^information is encoded in two dimensions. Just as with the original 
barcodes, the 2D barcode contains both information and structural components for better optical recogni- 

nS^SST I ^ S c^r ample ° f 8 QR Code (Quick R esponse Code), developed by Denso of Japan 
OJS patent number US5726435) Note the barcode ceU is comprised of two areas: a data area (depends ™ 

JeteSnt^ ,n J" , barC ° de) ' ^ 3 COnStant P° siti °n detection pattern. The constant^osition 

detection pattern IS used by the reader to help locate the cell itself, then to locate the cell boundaries to 
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tt'^Tw i eade l£ dCte,mine thC ^° ri8inal Olientation ofthe «" (orientation can be determined by the fact 
that there is no 4th comer pattern). 



21 blocks wide 




position detection 
pattern 



Figure 142. Example QR Code developed by Denso of Japan 

The number of barcode encoding schemes grows daily. Yet very often the hardware for producing these 
barcodes «s specific to the particular barcode format. As printers become more and more embedded there 
is an increasing desire for real-time printing of these barcodes. In particular. Netpage enabled applications 
reqtnre the pnntmg of 2D barcodes (or tags) over the page, preferably in infra-red ink. The teg encoded 
SoPEC uses a generic barcode format encoding scheme which is particularly suited to real-time printing. 
Since the barcode encoding format is generic, the same rendering hardware engine can be used to produce 
a wide variety of barcode formats. niouutc 

Unfortunately the term "barcode" is interpreted in different ways by different people. Sometimes it refers 
only to the data area component, and docs not include the constant position detection pattern. In other 
cases it refers to both data and constant position detection pattern. 

We therefore use the term tag to refer to the combination of data and any other components (such as posi- 
bon detection pattern, blank space etc. surround) that must be rendered to help hold or locate/read the data. 
A tag therefore contains the following components: 

• data area(s). The data area is the whole reason that the tag exists. The tag data area(s) contains the 
encoded data (optionally redundancy-encoded, perhaps simply checksummed) where the bits ofthe 
data are placed within the data area at locations specified by the tag encoding scheme. 

• instant background patterns, which typically includes a constant position detection pattern These 
help the tag reader to locate the tag. They include components that are easy to locate and may contain 
orientation and perspective information in the case of 2D tags. Constant background patterns may also 

. include such patterns as a blank area surrounding the data area or position detection pattern. These 
blank patterns can aid in the decoding ofthe data by ensuring that there is no interference between tags 
or data areas. 6 

In most tag encoding schemes there is at least some constant background pattern, but it is not necessarily 
required by all. For example, if the tag data area is enclosed by a physical space and the reading means 
uses a non-ophcal location mechanism (e.g. physical alignment of surface to data reader) then a position 
detection pattern is not required. 

Different tag encoding schemes have different sized tags, and have different allocation of physical tag area 
to constant position detection pattern and data area. For example, the QR code has 3 fixed blocks at the 
JSf* It tag P ° Sition detection P 3 "* 5 ™ <** Fi gure 142) and a data area in the remainder. By con- 

S'n^ CtPag !, ta8 (SCe Fi8We? 143 aad 144 > contains a circular l0 ««°r component, an orien- 

tation feature, and several data areas. Figure 143(a) shows the Netpage tag constant background pattern in 
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Netpage tag. Note that J FijfT m a si^le bTS *1 "* renderin « to 1 60 ° <* P i *r a 

form a block within the data SI 8 * " re P reseated b Y ««any physical output dots to 



B 



J 




Figure 143. Netpage tag structure 




Figure 144. Netpage tag with data rendered at 1600 dp, (magnified view) 
26.2.1 Contents of the data area 

The data area contains the data for the tag 
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rung resolution For example, in the QR code (see Figure 142), a single bit is represented by a dark module 
or a l.ght module, where the exact number of dots in the dark module or light module depends on the ren- 
dering resolution and target reading/scanning resolution. For example, a dark module may be represented 
by a square block of printed dots (all on for binary 1, or all off for binary 0), as shown in Figurel45 




21 blocks wfde = 42 dots wide 



□E:3Q 



position detection 
pattern 



Single 
= 2x2 black 



□ 



Figure 145. Example of 2x2 dots for each block of QR coda 

t0 °™ *? 8 Sin8le bh ° f may * "I™** in the printed tag by an arbitrary 

printed shape. The smallest shape is a single printed dot, while the largest shape is theoretically the whole 
tag itself, for example a gianr macrodot comprised of many printed dots in both dimensions. 

rfdate* 1 8Cneri ° *** definiti0n structure al,ows *e generation of an arbitrary printed shape from each bit 

26.2.2 What do the bits represent? 

Given an original number of bits of data, and the desire to place those bits into a printed tag for subsequent 
retrieval via a reading/scanning mechanism, the original number of bits can either be placed directly into 
the tag, or they can be redundancy-encoded in some way. The exact form of redundancy encoding will 
depend on the tag format* 

The placement of data bits within the data area of the tag is directly related to the redundancy mechanism 
employed in the encoding scheme. The idea is generally to place data bits together in 2D so that burst 
errors are averaged out over the tag data, thus typically being correctable. For example, all the bits of 

by a bSt^o" 00 * Spiead ° Ut ° Ver endre tog d * B **" 30 10 rninimi2c bein 8 aff««ed 

Since the data encoding scheme and shape and size of the tag data area are closely linked, it is desirable to 
have a genenc tag format structure. This allows the same data structure and rendering embodiment to be 
used to render a variety of tag formats. 

26.2.2.1 Fixed and variable data components 

^^^l* 1 * **** C3n bC reasonabl y i™* fi«d ^d variable components. For example if 

a tag holds tots of data, some of these bits may be fixed for all tags while some may vary from tagte tog 

IZZo^t'^^"? P ™ dUCt COdC a "° WS a COWtry Code and a com P an y <=ode. Since these bits don't 
change from tag to tag. these bits can be denned as fixed, and don't need to be provided to the tae encoder 
each time, thereby reducing the bandwidth when producing many tags. 6 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



J$ Nov 2002 
Page 361 



SoPEC : Hardware Design 



J3 



for e «h Jj By redu ei„ 8 fte 2^2S£ZSSj^2£££ "« 7^ "f™" 
the overall bandwidth can be reduced. 8 encoder fo r each tag, 

ma?ii^ 

Pletely variable, whitoSSJSJ encotrSas sSS'enc^ ? b « «~ 

of tag data bits. cucoaer sucn as boPEC s tag encoder may have a maximum number 

26.2.2.2 Redundancy-encode the tag data within the tag encoder 

to significant savings of bSSln^ " C ° d " ^ * for each ™s leads 

rive bandwidth and internal aorase raoS fiflS f*"*"* °° board the tag encoder the effec- 

encoded data was read 33% ° fWhat Would be squired if the 

26.3 Placement of tags on a page 

The TE places tags on the page in a triangular grid arrangement as shown in Figure 146. 

dot direction Landscape orientation 



Portrait orientation 



©00 

0 0 0 
0 0 0 



dot direction 
► 




s 




© © 



Une direction 



© © 



Line direction 

Figure 146. Placement of tags for portrait & landscape printing 



respond to the same »« rfSe^ISSi !Tt Z° T *. 81Vea ' me ° f dotS ' 311 te 8 s on ** line cor- 
native lines of teS whe« one |S3L 8 ^ ^ tnan S ular P^ent can be considered as alter- 
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The general case for placement of tags therefore relies on a number of parameters, 



Start Position 



AtJTagUne Position 



tag wrtnJn 
tag's bounding 
box 



Tag width 
< ► 



as shown in Figure 147. 
^ dot direction 



Dot Inter-tag gap 



Una inter-tag gap 



toe direction 



tag within 
tag's bounding 
box 



tag within 
tag's bounding 



Tag height 



Dot inter-tag gap 
4 frJ 



tag within 
tag's bounding 



Figure 147. General representation of tag placement 

that these are placement parameters and 



The parameters are more formally described in Table 120. Note 
not registers. 









Tag width 


i ne number of dots in a single tine of the tag's bound- 
tag box. The number of dots in the tag itself may vary 

dn^ n * n9 £ th !, 6hape °' me <"« number of 
dote in the bounding box will be constant (by defini- 


minimum 1 
minimum 1 


Dot Inter-tag gap 


The number of dots from the edge of one tag's bound- 
tag box to the start of the next tag* bounding b£T 
the dot direction. 


minimum = 0 


Line inter-tag gap 


■Renumber of dot lines from the edge of one tag's " 
bounding box to the start of the next tag's bounding 
oox, in the (me direction. 


minimum = 0 


Start Position 


Defines the status of the top .eft dot on the page - is an 
offset in dot & row within the tag or the inter-tag gap. 




AHTagUnePosition 


Defines the status for the start of the alternate row of 
tags. Is an offset in dot within the tag or within the dot 
inter-tag gap (the row position is always 0) 





26.4 



Basic tag encoding parameters 

^^■SSSilSiSS IT?™ ° n 138 enCOdil * P—«" « * direct result of on-chip 
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• implementations 
Table 121. Encoding parameters 



parameters 



W 



N 



page width 



tag size 



number of dots in each dimension of the tag 



redundancy encoding for tag data 



size of fixed data (unencoded) 



2 14 dotpairs or 20.48 inches at 1600 dpi 



typical tag size is 2mm x 2mm 
maximum tag size is 384 dots x 384 dots 
before scaling i.e. 6 mm x 6 mm at 1 600 dpi 
384 dots before scaling 



size of redundancy-encoded fixed data 



size of variable data (unencoded) 



size of redundancy-encoded variable data 



tags per page width 



Reed-Solomon GF(2 4 ) at 5:10 or 7:8 



40 or 56 bits 



120 bits 



120 or 112 bits 



360 or 240 bits 



85 packed 6mm x 6mm tags (384 x 384 
dots) wiil fit in 20.48 inches 



supplied as 120 bits of pre-enccded data (encoded a^i^ ^ ^ ^ 1 " ^"^ely it can be 

26.4. 1 ."but ZS^^A " ^ * "» ™ " » 



26.4.1 Redundancy encoding 



wts re,ies ^ - 

burst errors and effectivelyTefeTald Sr^ ^ chosen for its to <««" with 

encoding is adequate^dTsLtdlSl^J^m^ * redundan <=y- Reed Solomon 

background information^ ( ' * J P01 ' 7116 reader 15 to ref « *> *ese sources for 

sfcet fS'SfSi ^ ™ ^ -? ««*«ng over the Galois Field GF(2<) Symbol 

number of Sy n£s tnat can bl' » *(*) ~ (x^ X ^ 2 )-.(W), where , - the 

° f Sq/ 15 Symb0,s ' mere are ^ Possibilities for encoding- 

' Ss'L'an^te^o 1 ^ 10 redundancy 

=Va)(W).^10^ C0,IeCt Up to 5 s y mbo,s m ^or. The generator polynomial is therefore g(x) 

^ Symbols ,n error - generator polynomial is g(x) = 
able) as (£? * " CnCOded to * ve a **» amount of 480 bits (120 fixed, 360 van 
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• Each tag contains up to 40 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 1 20 bits of variable original data. Therefore 6 codewords are required for the 
variable data, giving a total encoded data size of 360 bits. 

In the second case, with 7 symbols of original da t a, the total amount of original data per tag is 168 bits (56 
fixed, 1 1 2 variable). This is redundancy encoded to give a total amount of 360 bits (120 fixed, 240 vari- 
able) as follows: 

• Each tag contains up to 56 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 112 bits of variable original data. Therefore 4 codewords are required for the 
variable data, giving a total encoded data size of 240 bits. 

The choice of data to redundancy ratio depends on the application. 

26.5 . Data structures used by tag encoder 

26.5.1 Tag Format Structure 

The Tag Format Structure (TFS) is the template used to render tags, optimized so that the tag can be ren- 
dered in real time. The TFS contains an entry for each dot position within the tag's bounding box. Each 
entry specifies whether the dot is part of the constant background pattern or part of the tag's data compo- 
nent (both fixed and variable). 

The TFS is very similar to a bitmap in that it contains one entry for each dot position of the tag's bounding 
box. The TFS therefore has TagHeight x TagWidth entries, where TagHeight matches the height of the 
bounding box for the tag in the line dimension, and TagWidth matches the width of the bounding box for 
the tag in the dot dimension. A single line of TFS entries for a tag is known as a tag line structure. 

The TFS consists of TagHeight number of tag line structures, one for each 1600 dpi line in the tag's 
bounding box. Each tag line structure contains three contiguous tables, known as tables A, B, and C. Table 
A contains 384 2-bit entries, one entry for each of the maximum number of dots in a single line of a tag 
(see Table 121). The actual number of entries used should match the size of the bounding box for the tag in 
the dot dimension, but all 384 entries must be present 1 . Table B contains 32 9-bit data addresses that refer 
to (in order of appearance) the data dots present in the particular line. All 32 entries must be present, even 
if fewer are used. Table C contains two 5-bit pointers into table B, and is stored in the 10 low bits of the 
next 32-bit word (the upper 22 bits are unused). The total length of each tag line structure is therefore 34 x 
32-bit words. Padding (18 x 32-bit words) is inserted after every 7 tag line structures to keep each tag line 



1 . This is done so that it is possible to go from one line within a tag to the next by simply adding 33 in 32-bit based addressing to DRAM. 
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structure completely within a 1KByte boundary (thus a TFS containing TagHeight tag line structures 
reqmres a TagHetgMl rounded up KBytes). The structure of a TFS is shown in FigSe M8 



XL 



s 
I 



Tag Format Structure 



tag One structure 0 



tag One structure 1 



tag line structure 2 



tag line structure 6 



reserved and unused 
<18x32-blts) 



tag Ifno structure 8 



tag lone structure n 



\ 



\ 



\ 



\ 



tag line structure 



table A 
(384 entries x 2-brts) 
(768 bits) 



table 8 
(32 entries x 9-bfts) 
(268 bits) 



(2 entries x5-«ts) 
(10 bits) 



\ 



reserved and 
unused 
(22 bits) 



I 



Figure 148. Composition of SoPEC's tag format structure 
A foil description of the interpretation and usage of Tables A, B and C is given in section 26.8.3 on page 



26.5.1.1 Scaling a tag \ 

i 

!£5f IT£ thC , P ^ t ^° tS " t0 ° Sma11, ** <** *» m one of ways. Either the tag 

iteelf can be scaled by N dots m each dimension, which increases the number of entries in the TFS As an 

For example if the original TFS was 21 x 21 entries, and the scaling were a simple 2 x 2 dots for each of 

SSSL ^ iBCrea ^ 178 ,0 bC 42 * 42 - To ** erate ^ TFS fmmthe oS we 
would repeat each entry across each line of the TFS, and then we would repeat each line of theTFS ;The 
net number of entries in the TFS would be increased fourfold (2 x 2). 

e^pteofa^fdoT^ """"fT ^ ° f Simp,C ^ oldn g * 149 for a simple 

SJET- • . .T 8 * 6 W2nt t0 P 10 ^ 06 a P^caUy large printed form of the tag, where each 

of the onginal dots was represented by 7 X 7 printed dots. If we simply performed replication by iZ Sch 

scale up on the output of the tag generator output, then we would have 9 sets of 7 x 7 square blocks. 
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^150^howrthe P rS t r Cb * ** *** ** TFS by a 7 X 7 dot ^finition of a rounded dot. Fig- 
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Figure 149. Simple 3x3 tag structure 
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Figure 150. 3x3 tag redesigned for 21 x 21 area (not simple replication) 

Consequently, the higher the resolution of the TFS the more printed dots can be printed for each macrodot 
where a macrodot represent a single data bit of the tag. The more dots that are available to produce a mac- 
rodot, the more complex the pattern of the macrodot can be. As an example, Figure 144 on case 360 
shows the Netpage tag structure rendered such that the data bits are represented by ^average of P dote x 
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8 dots (at 1600 dpi), but the actual shape structure of a dot is not square. This allows the printed Netpage 
tag to be subsequently read at any orientation. 



26.5.2 Raw tag data 

The TE requires a band of unencoded variable tag data if variable data is to be included in the tag bit- 
plane. A band of unencoded variable tag data is a set of contiguous unencoded tag data records, in order of 
encounter top left of printed band from top left to lower right. 

An unencoded tag data record is 128 bits arranged as follows: bits 0-111 or 0-1 19 are the bits of raw tag 
data, bit 120 is a flag used by the TE (TaglsPrinted), and the remaining 7 bits are reserved (and should be 
0). Having a record size of 128 bits simplifies the tag data access since the data of two tags fits into a 256- 
bit DRAM word. It also means that the flags can be stored apart from the tag data, thus keeping the raw tag 
data completely unrestricted. If there is an odd number of tags in line then the last DRAM read will con- 
tain a tag in the first 128 bits and padding in the final 128 bits. 

The TaglsPrinted flag allows the effective specification of a tag resolution mask over the page. For each 
tag position the TaglsPrinted flag determines whether any of the tag is printed or not This allows arbitrary 
placement of tags on the page. For example, tags may only be printed over particular active areas of a 
page. The TaglsPrinted flag allows only those tags to be printed TaglsPrinted is a 1 bit flag with values as 
shown in Table 1 22. 



Table 122. TaglsPrinted values 



jiilllilf 




m mmmmmwmmmm 


0 


Don't print the tag in this tag position. 

Output 0 for each dot within the tag bounding box. 


1 


Print the tag as specified by the various tag structures. 



26.5.3 DRAM storage requirements 

The total DRAM storage required by a single band of raw tag data depends on the number of tags present 
in that band. Each tag requires 128 bits. Consequently if there are AT tags in the band, the size in DRAM is 
16N bytes. 

The maximum size of a line of tags is 163 x 128 bits. When maximally packed, a row of tags contains 163 
tags (see Table 121) and extends over a minimum of 126 print lines. This equates to 282 KBytes over a 
Letter page. 

The total DRAM storage required by a single TFS is TagHeightfl KBytes (including padding). Since the 
likely maximum value for TagHeight is 384 (given that SoPEC restricts TagWidth to 384), the maximum 
size in DRAM for a TFS is 55 KBytes. 

26.5.4 DRAM access requirements 

The TE has two separate read interfaces to DRAM for raw tag data, TD, and tag format structure, TFS. 
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The memory usage requirements are shown in Table 123. Raw tag data is stored in the compressed page 
store 

Table 123. Memory usage requirements 



Compressed page store 



Tag Format Structure 



2048 Kbytes 



55 Kbyte (384 dot fine 
O 1600 dpi) 



Compressed data page store for BMevet, contone and 
raw tag data. 



55 kB In PEC1 for 384 dot Tine tags (the benchmark) at 
1600 dpi 

2.5 mm tags (1/10th fnch) @ 1600 dpi require 160 dot 

lines = 160/384 x55 or 23 kB 

2.5 mm tags @ 800 dpi require 80/384 x55 = 12 kB 



The TD interface will read 256-bits from DRAM at a time. Each 256-bit read returns 2 times 128-bit tags. 
The TD interface to the DIU will be a 256-bit double buffer. If there is an odd number of tags in line then 
the last DRAM read will contain a tag in the first 128 bits and padding in the final 128 bits. 

The TFS interface will also read 256-bits from DRAM at a time. The TFS required for a line is 136 bytes. 
A total of 5 times 256-bit DRAM reads is required to read the TFS for a line with 192 unused bits in the 
fifth 256-bit word A 136-byte double-line buffer will be implemented to store the TFS data. 
The TE's DIU bandwidth requirements are summarized in Table 124. 

Table 1 24, DRAM bandwidth requirements 



mm 




^^^^^^^^^^^^^^ 










Single 256 bit reads 1 . 


1.02 


1.02 


TFS 


Read 


Single 256 bit reads 2 . TFS is 
136 bytes. This means there 
is unused data in the fifth 
256 bit read. A total of 5 
reads is required. 


0.093 


0.093 



— <=» — - -J — ~" «.w n -**w,, Aino ia a. laic Ul UIL3 CVCiy ZJZ CyClCS. 

2: 17 x 64 bit reads per line in PEC1 is 5 x 256 bit reads per line in SoPEC with unused bits in the last 256-bit read. 



26.5.5 Tag sizes 

SoPEC allows for tags to be between 0 to 384 dots. A typical 2 mm tag requires 1 26 dots. Short tags do not 
change the internal bandwidth or throughput behaviours at all. Tag height is specified so as to allow the 
DRAM storage for raw tag data to be specified. Minimum tag width is a condition imposed by throughput 
limitations, so if the width is too small TE cannot consistently produce 2 dots per cycle across several tags 
(also there are raw tag data bandwidth implications). Thinner tags still work, they just take longer and/or 
need scaling. 
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26.6 Implementation 



26.6.1 Tag Encoder Architecture 

A block diagram of the TE can be seen below. 



DRAM Interface 



,'17 



tag encoder 



tagaltsense, 
tastdotf ntag - 
edvtagllne - 
tfsvafid* 



dotposvaJW 



i 



64 



TFS 
interface 



y'8 y' 2 > 



tagMaxDotpatrs— ^ 
• lastdotintag 



kstdotintagi 
T dotposvalid 



b 

dotPos 



etdRdAdrp 



etdRdAdrl 9. 
: — 7^" 



17 



tag data 
Interface 



tagfsPrinted 



V bft 1 



-7- 
V bit 1 



/'1 



to 
so 



to 




Logic 



i 



14 2 (to bits) 



dotsJnTaq 



— lastOoUnTagi 
-> tdValid 



53 



3x 2-bit 
shift register 



^ 6(tobas) I 



IB te_tfu_wdata 



Tag Frtb Unit 



PCU 



Figure 151. TE Block Diagram 
The TE writes lines of bi-level tag plane data to the TFU for later reading by the HCU. The TE is resnon- 
*f l '^ZT g ^ e T d ^^ ^ ** tog Cinterpretedfrom the ITS). Y^S'g 

Ssl P ne trA> : T J ^ ^ ° f * e UgS pCrf0nned » *• TFU. The elcoded *g 

layer is generated 2 bits at a time and output to the TFU at this rate. The HCU however only consumes I 
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The tag encoder coasts of a TPS interface that loads and decodes TFS entries, a tag data interface that 
loads tag raw da* encodes it, and provides bit values on request, and a state machine to generate appropri- 
ate addressing and control signals. The TE has two separate read interfaces to DRAM for raw togX, 
TD, and tag format structure, TFS. K 

It is possible that the raw tag data interface, the TD, to the DIU could be replaced by a hardware state 
machine at a later stage. This would allow flexibility in the generation of tags. Support for Y scaling needs 
to be added to the PEC 1 TE. The FECI TE already allows stalling at its output during alme when 
tfujtejaktownte is deasserted. 



26.6.2 Y-Scaling output lines 



In order to support scaling in the Y direction the following modifications to the PEC1 TE are suggested to 
the Tag.Data Interface, Tag Format Structure Interface and TE Top Level: 

• for Tag Data Interlace: program the configuration registers of Table l26,firstTagLineHeight and tag. 
MaxLme with true value i.e. not multiplied up by the scale factor YScale. Within the Tag Data interface 
there are two counters, countx and county that have a direct bearing on the rawTagDataAddr genera- 
tion countx decrements as tags are read from DRAM. It is reset to NumTagsfRtdTagSense] at start of 
each line of tags, county is decremented as each line of tags is completely read from DRAM i.e. countx 
- 0. Scaling may be performed by counting the number of times coma reaches zero and only decre- 
ment^ county when this number reaches YScale. This will cause the TagData Interface to read each 
line of tag data NumTags[RtdTagSense] * YScale times. 

• for fag Format Structure Interface: The implication of Y-scaling for the TFS is that each Tag Line 
Structure is used YScale times. This may be accomplished in either of two ways: 

• For each Tag Line Structure read it once from DRAM and reuse YScale times. This involves gating 
the control of TFS buffer flipping with YScale. Because of the way in which this advT/sLine and 
aavTagLine related functionality is coded in the PEC1 TFS this solution is judged to be error-prone. 

• Fetch each TagLineStmcture YScale times. This solution involves controlling the activity of currTf- 
sAddr with YScale. - - 

In SoPEC the TFS must supply five addresses to the DIU to read each individual Tag Line Struc- 
xf^ returns 4 * 64 " bit w °rds for each of the 5 accesses. This is different from the behav- 
iour in PEC1, where one address is given and 17 data-words were returned by the DIU 
Since the behaviour of the currTfsAddr must be changed to meet the requirements of the SoPEC 
DIU it makes sense to include the Y-Scaling into this change i.e. a count of the number of com- 
pleted sets of 5 accesses to the DIU is compared to YScale. Only when this count equals YScale can 
currTfsAddr be loaded with the base address of the next lines Tag Line Structure in DRAM other- 
wise it is re-loaded with the base address of the current lines Tag Line Structure in DRAM. 

> For Top Level: The Top Level of the TE has a counter, LinePos, which is used to count the number of 
completed output lines when in a tag gap or in a line of tags. At the start (i.e. top-left hand dot-pair) of 
a gap or tag LinePos is loaded with either TagGapLine or TagMaxLine. The value of LinePos is decre- 
mented at last dot-pair in line. Y-Scaling may be accomplished by gating the decrement of LinePos 
based on YScale value 



Ooc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29-Nov 2002 
Page 371 



SoPEC : Hardware Design 



J3 



26.6.3 TE Physical Hierarchy 
Tag Encoder 



Top Level FSM 
+ PCU + Comb 
Logic for Muwng 
etc. 



Tag Oata Interface 



Raw Tac 


7 Data 


Intern 


ace 



Reed Solomon 
Encoder 



2D Decoder 



Encoded Tag Data Interface 



encoded 
fixed tag 
data 



encoded 
variable tag 
data 



Table A 



lag Formal Structure ( I HJ) 
i — — 



Reg o/p 



Table C 



Reg o/p j 



Table B 



Flflure 152. TE Hierarchy 

2Sm2 ¥° V p iUUStr c eS ** St ^ Uial Weraichy ° f ** TE - ne to P Icv <* contains the Tag Data Inter- 
SlSS f ^ StmCtUrc ^ 211 FSM to «™«* the generation of dot pairs^onT^ a 

t ^T^ /^ ° Ut ^ ^ CU rCad/writc dcco ^ »™ - alio some additio SSSl 
tlie output data and generating other control signals. g 

i^L hi8hC ? 1Wel : the TE St3te machine Presses the output lines of a page one line at a time with the 

r^sssr or * a 138 (a sopec ^ be ° ni * ^ ^ «ssj2£ 
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Table 125. TE Port Ust 





MM 




Clocks and Resets 


pdk 


1 


in 


SoPEC Functional clock. 


prst_n 


1 


In 


Global reset signal. 


Sandstone Signals 


cdu_endofbandstore[21 :5] 


17 


In 


Address of the end of the current band of data. 
256-bit word aligned ORAM address. 


cdu_startofbandstore[21 S] 


17 


In 


Address of the start of the current band of data. 
256-bit word aligned DRAM address. 


te_finishedband 


1 


Out 


TE finished band signal to PCU and ICU. 


PCU Interface data and control signals 


pcu_addrf8:2] 


7 


In 


PCU address bus. 7 bits are required to decode the address space 
for this block. 


pcu_dataout(31.-0J 


32 


In 


Shared write data bus from the PCU. 


te_pcu_datain[31 ;0) 


32 < 


Out 


Read data bus from the TE to the PCU. 


pcu_rwn 


1 


In 


Common readmot-wrlte signal from the PCU. 


pcu_te_Bel 


1 


In 


Block select from the PCU. When pcu_te_set is high both 
pcu_addr and pcu_dataout are valid. 


te_pcu_rdy 


1 


Out 


Ready signal to the PCU. When te_pcu_rdy is high it indicates the 
last cycle of the access. For a write cycle this means pcu_dataout 
has been registered by the block and for a read cycle this means 
the data on te^pcu^datain is valid. 


TD (raw Tag Data) OIU Read Interface signals 


td_diu_rreq 


1 


Out 


TD requests DRAM read. A read request must be accompanied by 
a valid read address. 


«_cfiu_radr(21:5] 


17 


Out 


TD read address to OIU. 

17 bits wide (256-bit aligned word). 


diu_td_rack 


1 


In 


Acknowledge from DIU that TD read request has been accepted 
and new read address can be placed on te_diu_radr. 


diu_datat63:0j 


64 


In 


Data from DIU to TE. 
First 64-bits are bits 63:0 of 256 bit word; 
Second 64-bfts are bits 127:64 of 256 bit word; 
Third 64-bits are bits 1 91 :128 of 256 bit word; 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 


diu_td_rvaiid 


1 


In 


Signal from DIU telling TD that valid read data is on the diu data 
bus. 


TFS (Tag Format Structure) D1U Read Interface signals 


tfs_diu_rreq 


1 


Out 


TFS requests DRAM read. A read request must be accompanied 
by a valid read address. 


tfs_diu_radr(21:5] 


17 


Out | 


TFS Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_tfs_rack 


1 


In 


Acknowledge from DIU that TFS read request has been accepted 
and new read address can be placed on tfs diu radr. 
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Table 1 25. TE Port List 







m. 




uiu_u«iait>o:uj 


64 


In 


Data from OIU to TE. 
First 64-bits are bits 63:0 of 256 bit word; 
Second 64-bits are bits 1 27:64 of 256 bit word; 
Third 64-bits are bits 191:128 of 256 bit word; 
Fourth 64-bits are bits 255:192 of 256 bit word. 


diu_tfs_rvafid 


1 


In 


Signal from OIU telling TFS that valid read data Is on the diu data 
bus. 


TFU Interface data and coot 


rol signals 


tfu_te_oktowritG 


1 


in 


Ready signal indicating TFU has space available and is ready to be 
written to. Also asserted from the point that the TFU has recieved 
its expected number of bytes for a line until the next 
te_tfu_wradvtine 


te_tfu_wdata{7:0j 


8 


Out 


Write data for TFU. 


te_tfu_wdata valid 


1 


Out 


Write data valid signal. This signal remains high whenever there is 
valid output data on tejtfujwdata 


te_tfu_wradviine 


1 


Out 


Advance line signal strobed when the last byte in a One is placed 
on te_tfu wdata 



26.6.5 Configuration Registers 



The configuration reg.steis in the TE are programmed via the PCU interface.Refer to section 21.8.2 on 
SKi ♦ * C ™ Pti ° n ° f prOtOC01 ^ timin & diagrams for reading and writing registers in the 
TE.Note that since addresses .n SoPEC are byte aligned and the PCU only supports 32-bit register reads 

™ ™ eS ,£ C ,. Y 2 bitS 0f ^ PCU address a™ DOt required to decode the address space for the 
1 b. table 126 lists the configuration registers in the TE. 

Regrets which address DRAM are 64-bit DRAM word aligned as this is the case for the PEC1 TE 
SoPEC assumes a 256-bit DRAM word size. If the TE can be easily modified then the DRAM word 
addressing should be modified to 256-bit word aligned addressing. Otherwise, software should program 
these the 64-bit word aligned addresses on a 256-bit DRAM word boundary 



Table 126. TE Configuration Registers 




Control registers 



0x00 



0x04 



Reset 



Go 



A write to this register causes a reset of the TE. 
This register can be read to indicate the reset state: 

0 - reset in progress 

1 - reset not tn progress 



Writing 1 to this register starts the TE. Writing 0 to this 
register halts the TE. 

When Go is deasserted the state-machines go to their 
idie states but ail counters and configuration registers 
keep their values. 

When Go is asserted ail counters are reset, but con- 
figuration registers keep their values (i.e. they don't 
get reset). NextBandEnabte is cleared when Go is 
asserted. 

The TFU must be started before the TE is started. 
This register can be read to determine if the TE is run- 
ning (t = running, 0 = stopped). 
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Table 126. TE Configuration Registers 



I 0x40 


1 TfsStartAdr 
(64-brt aligned ORAM 
address - should start at 
a 256-bit aligned loca- 

j tion) 


19 


0 


I Points to the first word of the first TPS line in DRAM. 


0x44 


TfsEndAdr 

(64-bit aligned DRAM 
1 address - should start at 

a 256-bit aligned ioca- 
1 tion) 


19 


0 


I Points to the first word of the last TFS line In DRAM. 


J 0x48 


| TfsFirstLrneAdr 

(64-bit aligned DRAM 
] address) 


19 


0 


1 Moints to thfi first uunrrf />f thn fi rr >> jtc i;_ _ . . j 

« viiim »v» mo in si wuiu %ji in© nrsi i ro fine to be 

J encountered on the page. If the start of the page is in 

an inter-tag gap, then this value will be the same as 
I 7FSS«artAoVsince the first tag line reached will be the 
J top line of a tag. 


J 0x4C 


1 DataRedun 


1 


0 


j Defines the data to redundancy ratio for the Reed 
1 Solomon encoder. Symbol size is always 4 bits, Code- 
I word size is always 15 symbols (60 bits). 

(40 bite)* Symbote <2 ° 10 redundanc y symbols 

1 -7 data symbols (28 bits). 8 redundancy symbols 
(32 bits) 


0x50 


Decode2DEn 


1 


0 


Determines whether or not the data bits are to be 2D 
decoded rather than redundancy encoded (each 2 
bits of the data bits becomes 4 output data bits). 

0 = redundancy encode data 

1 = decode each 2 bits of data into 4 bits 


I 0x54 1 


VariabteDataPresenl 


1 


0 


Defines whether or not there is variable data in the 
tags. If there is none, no attempt is made to read tag 
data, and tag encoding should only reference fixed 
tag data. 


0x58 J 


EncodeRxed — - 


1 


0 


Determines whether or not the lower 40 (or 56) bits of 
fixed data shoufd be encoded into 120 bits or simply 
used as is. 


0x5C 


TagMaxDotpairs 


8 


0 


The width of a tag in dot-pairs, minus 1 . 
Minimum 0. Maximum^ 1 91. 


f 0x60 


TagMaxLine 


9 


0 


The number of lines in a tag, minus 1 . 
Minimum 0, Maximum = 383. 


0x64 | 


TagOapOot 


14 


0 


The number of dot pairs between tags in the dot 

dimension minus 1, 

Only vaiid if 7aoGapPresen{brt 0J = 1. 


0x68 r 
0x6C J 


TagGapLine — - 
DotPairsPerUne 


14 


0 

o I 


Defines the number of dotlines between tags in the 

line dimension minus 1 . 

Only valid if TagGapPmsentbM j = 1 . 


0x70 


DotStartTagSense 


14 

2 


0 

j 


Number of output dot pairs to generate per tag line. 
Determines for the first/even (bit 0) and second/odd 
(bit 1) rows of tags whether or not the first dot position 
of the line is in a tag. 
1 » in a tag, 0 = in an inter-tag gap. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29-Nov 2002 



SoPEC : Hardware Design 



Table 126. TE Configuration Registers 




0x78 



0x80 to 
0x84 



0x88 to 
0x8C 



TagGapPresent 



YScale 



OotStartPos 



NumTags 



Setup band related registers 



2x14 



2x8 



Bit 0 is 1 if there is an inter-tag gap in the dot dimen- 
sion, and 0 if tags are tightly packed. 
Bit 1 is 1 if there is an inter-tag gap in the line dimen- 
sion, and 0 if tags are tightly packed. 



Tag scale factor in Y direction. Output lines to the TFU 
will be generated YScale times. 



Determines for the firsVeven (0) and second/odd (1) 
rows of tags the number of dotpairs remaining minus 
1 t in either the tag or inter-tag gap at the start of the 
line. 



Determines for the first/even and second/odd rows of 
tags how many tags are present In a line (equals 
number of tags minus 1 ). 



OxCO 



NextBandStartTagOa- 
taAdr 

(64-toit aiigned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 



Holds the value of StarfTagDataAdr for the next band. 
This value is copied to StarfTagDataAdr when 
Done Band is 1 and NextBand Enable is 1 . or when Go 
transitions from 0 to 1. 



NextBand EndOfTagOata 
(64-bit aligned DRAM 
address) 



0xC8 



NextBandRrsfTagUne- 
Height 



OxCC 



NextBandEnaWe 



I Read-only band related registers 



Holds the value of EndOfTagOata for the next band. 
This value is copied to EndOfTagOata when 
DoneBand Is 1 and NextBandEnaWe is 1, or when Go 
transitions from 0 to 1. 



Holds the value of RrsfTagUneHeight for the next 
band. This value is copied to RrsfTagUneHeight when 
DoneBand gets is 1 and NextBandEnaWe Is 1, or 
when Go transitions from 0 to 1 . 



When NextBandEnaWe is 1 and DoneBand is 1, then 
when te_fin!shedband Is set at the end of a band: 
-NextBandStarfTagDataAdr is copied to StartTagDa- 
taAdr 

-NextBand EndOfTag Data is copied to EndOfTagOata 
-NextBandRrstTagUneHeight is copied to RrsfTa- 
gUneHeight 
-DoneBand is cleared 
-NextBandEnaWe is cleared. 
NextBandEna&e is cleared when Go is asserted. 
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Table 126. TE Configuration Registers 




OxDO 



0x04 



OxD8 



Done Band 



StartTagDataAdr 
(64-bit aliened DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 



EndOfTagData 
(64-bft aligned DRAM 
address) 



t9 



19 




Specifies whether the tag data interface has finished 
loading alt the tag data for the band. 
It is cleared to 0 when Go transitions from 0 to 1. 
When the tag data interface has finished toading all 
the tag data for the band, the te^finishedband signal 
is given out and the DoneBand flag is set. 
If NextBandEnabte isl at this time then startTagDa- 
taAdr t endOfTagData and ffrstTagUne Height are 
updated with the values for the next band and 
DoneBand is cleared. Processing of the next band 
starts immediately. 

If NextBandEnabfe is 0 then the remainder of the TE 
will continue to run., while the read control unit waits 
for NextBandEnabte to be set before it restarts. Read 
only. 



The start address of the current row of raw tag data. 
This is initially points to the first word of the band's tag 
data, which should be aligned to a 128-bit boundary 
(i.e. the lower bit of this address should be 0). Read 
only. 



Points to the address of the final tag for the band. 
When all the tag data up to and including address 
endOfTagData has been read in, the te_finishedband 
signal is given and the doneBand flag is set. Read 
only. 



FirstTagUneHeight 



The number of lines minus 1 in the first tag encoun- 
tered in this band. This will be equal to TagMaxUne if 
the band starts at a tag boundary. Read onty. 



Work registers (set before starting the TE and must not be touched between blndsT 



0x100 



UnetnTag 



0x104 



0x1 10 to 
0x11C 



LinePos 



TagData 



14 



4x32 



Work registers (set Internally) 
Read-only from the point of view of PCU register access 



Determines whether or not the first iine of the page is 
in a fine of tags or in an inter-tag gap. 
1 * in a tag, 0 - in an inter-tag gap. 



The number of lines remaining minus 1 , in either the 
tag or the inter-tag gap in at the start of the page. 



This 128 bit register must be set up initially with the 
fixed data record for the page. This is either the lower 
40 (or 56) bits (and the encodeRxed register should 
be set), or the lower 120 bits (and encodedFixed 
should be clear). The tagDatafO] register contains the 
lower 32 bits and the tagData[3J register contains the 
upper 32 bits. 

This register is used throughout the tag encoding 
process to hold the next tag's variable data. 



0x140 



0x144 



0x148 



DotPos 



CurrTagPlaneAdr 



DotsinTag 



14 



14 



Defines the number of dotpairs remaining in either the 
tag or inter-tag gap. Does not need to be setup. 



The dot-pair number being generated. 



Determines whether the current dot pair is in a tag or 
not 

1 - in a tag, 0 - in an inter-tag gap. 
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Table 126. TE Configuration Registers 



0x14C 



0x154 



0x158 



0x1 5C 
0x160 



0x164 



0x1 6a 



If 



TagAltSense 



CurrTFSAdr (64-blt 
aligned ORAM address) 



ReadsRemaining 



CountX 
CountY 



RtdTagSense 



RawTagDataAdr 
(64-bit aligned DRAM 
address) 




19 



19 



Determines whether the production of output dots is 
for the first (and subsequent even) or second (and 
subsequent odd) row of tags. 



Points to the start next Jine of the TFS to be read in. 



Number of reads remaining in the current burst from 
t"e raw tag data interface 



The number of tags remaining to be read (minus 1) by 
the raw tag data interface for the current line. 



The number of times (minus 1) the tag data for the 
current line of tags needs to be read in by the raw tag 
data interface. 



Determines whether the raw tag data interface Is cur- 
rently reading even rows of tags (=0) or odd rows of 
tags (=1) with respect to the start of the page. Note 
that this can be different from tagAltSense since the 
raw tag data interface is reading ahead of the produc- 
tion of dots. 



The current read address within the unencoded raw 
tag data. 



The PCU accessible registers axe divided amongst the TE top level and the TE sub-blocks This is achieved 
acc^^ ^ fed t0 * e toP ^ Where read *"* - -ried out on all tnTpCU 



control 
pcu_dataoutt31:0] . 






read 
^decode 



sub-block 



top level 



te_pcu_datain[3f:0] 



te_pcu_rdy 



Figure 153. Block diagram of PCU accesses 
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26.6.5. 1 Starting the TE and restarting the TE between bands 
The TE must be started after the TFU. 

For the first band of data, users set up NextBandStortTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight as well as other TE configuration registers. Users then set the TE's Go bit to start pro- 
cessing of the band. When the tag data for the band has finished being decoded, the tejinishedband 
interrupt will be sent to the PCU and ICU indicating that the memory associated with the first band is now 
free. Processing can now start on the next band of tag data. 

In order to process the next band NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirst- 
TagLineHeight need to be updated before writing a 1 to NextBandEnable. There are 4 mechanisms for 
restarting the TE between bands: 

a. tejinishedband causes an interrupt to the CPU. The TE will have set its DoneBand bit. The 
CPU reprograms the NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTa- 
gLineHeight registers, and sets NextBandEnable to restart the TE. 

b. The CPU programs the TE's NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight registers and sets the NextBandEnable flag before the end of the current 
band. At the end of the current band the TE sets DoneBand, As NextBandEnable is already 1 , 
the TE starts processing the next band immediately. 

a The PCU is programmed so that tejinishedband triggers the PCU to execute commands from 
DRAM to reprogram the NextBandStartTagDataAdr, NextBandEndTagData and Next- 
BandFirstTagLineHeight registers and set the NextBandEnable bit to start the TE processing 
the next band. The advantage of this scheme is that the CPU could process band headers in 
advance and store the band commands in DRAM ready for execution. 

d.This is a combination of b and c above. The PCU (rather than the CPU in b) programs the TE's 
NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTagLineHeight registers 
and sets the NextBandEnable bit before the end of the current band. At the end of the current 
band the TE sets DoneBand and pulses tejinishedband. As NextBandEnable is already 1, die 
TE starts processing the next band immediately. Simultaneously, te Jinishedband triggers the 
PCU to fetch commands from DRAM. The TE will have restarted by the time the PCU has 
fetched commands from DRAM. The PCU commands program the TE next band shadow reg- 
isters and sets the NextBandEnable bit. 

After the first tag on the page, all bands have their first tag start at the top i.e. NextBandFirstTagLineHeight 
= TagMaxLine. Therefore the same value of NextBandFirstTagLineHeight will normally be used for all 
bands. Certainly, NextBandFirstTagLineHeight should not need to change after the second time it is pro- 
grammed. 
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| 26.6.6 TE Top Level FSM 

The following diagram illustrates the states in the FSM, 

Reset ORGo — 0 




while producing valid tag Iin«^ 



Figure 154. Tag Encoder Top -Level FSM 

At the highest level, the TE state machine steps through the output lines of a page one line at a time, with 
the starting position either in an inter-tag gap (signal dotsintag =» 0) or in a tag (signals tfsvalid and tdvalid 
and lineintag = 1) (a SoPEC may be only printing part of a tag due to multiple SoPECs printing a single 
line). 

If the current position is within an inter-tag gap, an output of 0 is generated. If the current position is 
within a tag, the tag format structure is used to determine the value of the output dot, using the appropriate 
encoded data bit from the fixed or variable data buffers as necessary. The TE then advances along the line 
of dots, moving through tags and inter-tag gaps according to the tag placement parameters. 
Table 127 highlights the signals used within the FSM. 



Table 127. Signals used within TE top level FSM 



pdk 


Sync clock used to register all data within the FSM 


prst_n, te_reset 


Reset signals 


advtagline 


1 cycles pulse indicating toTDI and TFS sub-blocks to move onto the next line off • 
Tag data 


currdotlineadr[13:0] 


Address counter starting 2 perk ahead of currtagptaneadr to generate the correct 
dotpair for the current line 


dotpos 


Counter to identify how many dotpairs wide the tag/gap is 


dotsintag 


Signal identifying whether the dotpair are in a tag{1 )/gap(0) 


tineintagjemp 


Identical to lineintag but generated 1 pclk earlier 


linepos__ehadow 


Shadow register for Unepos due to linepos being written to by 2 different proc- 
esses 


tafaltsense 


Rag which alternates between tag/gap lines 


te_state 


FSM state variable 


teptanebuf 


6-bit shift register used to format dotpairs into a byte for the TFU 


wradvtine 


Advance line signal strobed when the last byte in a line is placed on te tfu wdata 
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Due to the 2 system cfo* delay in the TFS (both Table A and Table B outputs are registered) the TE FSM 
is working 2 system clock cycles AHEAD of the logic generating the write data for the TFU. As a result 
the following control signals had to be single/double registered on the system clock 



dotsintag - 
tdvalid • 
tfsvalid - 
tfu_ok_write • 
lineintag_temp - 



pclk 



dotsintag 1 


tdvalid 1 


w 


tfsvalid 1 


— ► 


tfu__ok_writei 


— ► 
— ► 



->dotsintag2 
-♦tdvalidZ 
-Mfsvalid2 
-+-tfu_ok_write2 



Figure 155. Generated Control Signals 

The tag_dot_line state can be broken down into 3 different stages. 

Stageli- The state tag_dotJine is entered due to the go signal becoming active. This state controls the 
^itt I™" AS . 1 ° ng 35 ,ine buffer « not equal to the dotpairsperline 

Irfh ^ a f L *# , - ,e -°* towrite * ac^, and there is valid TFS and TD available or taggaps. dotpairs 

STJ^ f™ ^ rl^ 11 10 TFU " ThC °« line buffer address « used mtemaHy but not su^ 
plied to the TFU since the TFU is a FIFO rather than the line store used in PEC1 . 

^legenerating the dotline of a tag/gap line Qineintog flag = 1) the dot position counter dotpos is decre- 
mented/reloaded (with tagmaxdotpaiis or taggapdot) as the TE moves between tags/gaps. The dotsintag 

r ( ° fOT a 83P " 1 f0r 3 ta ^ 71115 P*"™ conti ™* -til the end of a dodinf 

approaches (currdodmeadr = dotpairsperline). 

2 system clock cycles before the end of the dotline the /w«n,ag and tegatee/ue signals must be prepared 
for the next dotline be it in a tag/gap dotline or a purely gap dotline. oepreparea 



tfage*- At this point the end of a dot line is reached so it is time to decrement the linepos counter if still in 
a tog/gap row or reload the linepos register, dotpos counter and reprogram the dotsintag flag if going onto 
another tog/gap or pure gap row. Any signal with the _temp extension means this register is updated a 
cycle early in order for the real register to get its correct value while switching between dot lines and tag 
rows i when > dotpos and linepos counters reach zero i.e when dotpos = 0 the end of a tag/gap has been 
reached, when Imepos = 0 the end of a tag row is reached. This stage uses the signals lineintag_temp and 
tagaltsense which were generated one system clock cycle earlier in Stage 1. 

' fh^fiu ^ ^ im , p,ements the writin 8 of dotpairs to the correct part of the 6-bit shift register based on 
I ZJruZ { ? t ' rtag P l ° neadr md ■»«> implements the counter for the currtagplaneadr. The currtagpla- 
£ti*«T ° n Tf*"? f™**""* " ^tpairsperline - 1). All the qualifier signals e.g dotsintag 
for Ous stage are delayed by 2 system clock cycles i.e. the currtagplaneadr (which is the internal write 
address not needed by the TFU) cannot be incremented until the do%airs are available wwSa«2 
clock cycles later than when cu rrdotlineadr is incremented. e wiucn is always 2 
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The wradvline and advtagline pulses are generated using the same logic (currently separated in the PEC1 
Tag Encoder VHDL for clarity). Both of these pulses used to update further registers hence the reason they 
do not use the delayed by 2 system clock cycle qualifiers. 

26.6.7 Combinational Logic 

The TDI is responsible for providing the information data for a tag while the TFSI is responsible for decid- 
ing whether a particular dot on the tag should be printed as background pattern or tag information. Every 
dot within a tag's boundary is either an information dot or part of the background pattern. 



TDI 



tdLetdQ 



TFS 
Interface 



tdl_etd1 



tfcLta^dot0(1] 



tfsLta_dotO[Ol 



tfsUa_dot1[1] 



tfsi_ta_doH[0] 



7% 



| ^dots[0] 



=0- 



pdots[1} 



dotsintag 

Figure 156. Logic to combine dot information and Encoded Data 

The resulting lines of dots are stored in the TFU. 

The TFSI reads one Tag Line Structure (TLS) from the DIU for every dot line of tags. Depending on the 
current printing position within the tag (indicated by the signal tagdotnum), the TFS interface outputs dot 
information for two dots and if necessary the corresponding read addresses for encoded tag data. The read 
address are supplied to the TDI which outputs the corresponding data values. 

These data values (tdi_etdO and tdi_etdl) are then combined with the dot information (tfsijta_dotO and 
rfsijta^dotl) to produce the dot values that will actually be printed on the page (dots), see Figure 1 56. 



lastdotintagl 



dotsintag 
tfevajkf 
t cfvalid 
dojQ&S. 




dotpairsp erijne 



Figure 157. Generation of Lastdotintag/1 

The signal lastdotintag is generated by checking that the dots are in a tag (dotsintag = 1) and that the dot- 
position counter dotpos is equal to zero. It is also used by the TFS to load the index address register with 
zeros at the end of a tag as this is always the starting index when going from one tag to the next, lastdotin- 
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■ l«f f W l ™ TFSi (TabU C) whcre «*LflSJta- P«ke is used to update the Table C 

address reg for the new tag line - this is because lastdotintag occurs a cycle earlier than toe wUch 

(etd.swuch state) to puke the etd_advtag signal hence switching buffers in the ETDi for the next tag 

223 J"****"*' is id / ntical ^Jastdotintag except it is combinatorially generated (1 cycle earlier 
***astdot,ntag, except at the end of a tagline). lastdotintag! signal is only used in the TOi to reset ^ 
ttoahd signal on the cycle when dotpos = 0. Note the imixG^currdotlinZd^ = UNS SSJJbT 

lastdotintag_gen process as this is an combinatorial process. 



dotsintagi 
tfsvali 
tdvalku 




dotposvalid 



Figure 158. Generation of Dot Position Valid 

SLtSTTn H ignal ^ ^ ° n being 111 a te « Une OineintagI = 1), dots being in a tag 

SSSmJL il ?J ? 8 f< Tfu StmCtUre aVailable <^ WW; " 1 ) and having encoJd tag data 
Sf„fTl7 t l y , *"* eachoftfa « qualifier signals are delayed by \pclk cycle due to theresS 

2b toloaa^e BE Z*T ^ C WhCTe is «*■ The ^La Jsignal is uTd^fan 



dotsintag- 
tfsvafid2- 
tdvalid2- 
currtagpfaneadr 



[1:0] 



f!3:2] 




Logic 



-> te_tfu__we 



-> te_tlbi_wradr 



Figure 159. Generation of write enable to the TFU 
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The signal te_tfu_wdatavalid can only be active if in a taggap or if valid tag data is available (tdvalid2 and 
tfsvalidl) and the currtagpplaneadr(\:0) equal 1 1 i.e. a byte of data has been generated by combining four 
dotpairs. 



tagmaxdotpairs 



tagdotnum 




Figure 160. Generation of Tag Dot Number 

The signal tagdotnum tells the TFS how many dotpairs remain in a tag/gap. It is calculated by subtracting 
the value in the dotpos counter from the value programmed in the tagmaxdotpairs register. 
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26.7 Tag Data Interface (TDi) 

26.7.1 I/O Specification 

Table 128. TDI Port List 



Cfockd and Resets 



pdk 


In 


SoPEC system dock 


prst_n 


In 


Active-low, synchronous reset in pdk domain. 


diu Read Interface Signals 


diu_data[63:0] 


In 


Data from ORAM. 




td_dtu_rreq 


Out 


Data request to DRAM. 


td_alu_.radr[21:5] 
diu_td_rack 


Out 
In 




diu_td_rvalid 


In 


Data acknowledge from DRAM. 
Data valid signal from DRAM. 


PCU Interface Data, ControJ Signs 
pcu_dataout(31:0] 


Is and 

In 


PCU writes this data. 


pcu_addr(8:2] 


In 


PCU accesses this address. 


pcu_rwn 


In 


Global read/write-not signal from PCU. 


pcu_te_sel 


In 


PCU selects TE for t/w access. 


pcu_te_reset 


In 


PCU reset 


td_te_doneband ~ — " 

td_te_dataredun 

td_te_decode2den 

td_te_variabledatapresent 

td_te_encodefixed 

td_te_numtagsO 

td_te_jiumtags1 

td_te_starttagdataadr 

td_te_jawtagdataadr 

td_te_endoftagdata 

td_te_firettag«nehefght 

td_te_tagdataO 

td_te_tagdata1 

td_te_tagdata2 

td_te_tagdata3 

td_te_countx 

td_te_county 

td_te_rtdtagsense 

td_te_readsremaJning 


Out 


PCU readable registers. 


TPS (Tag Format Structure) — 


trsi_adrOfB:0] 




Read address for dotO 


tfsi_adr1[6:0J 


M 


Read address for dotl 


Bandstore Signals "" • 


cou_startofbandstore{24 :0] 


In 


Start memory area allocated for page bands 


cdu_endofbandstore[24:0] 
te_finlshedband 


In 

Out 


Last address of the memory allocated for page bands i 
Tag encoder band finished 
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te_ finished band 




*> tdVafel 
tostDotlnTag 
lastDotlnTagl 



+ tagtePrinted 



etdRdAdrO 



etdRdAdn 



Figure 161. TOI Architecture 



26.7.2 Introduction 



The tag data interface is responsible for obtaining the raw tag data and encoding it as required by the tag 
encoder. The smallest typical tag placement is 2mm x 2mm, which means a tag is at least 126 1600 dpi 
dots wide. r 

In PEC1, in order to keep up with the HCU which processes 2 dots per cycle, the tag data interface has 
been designed to be capable of encoding a tag in 63 cycles. This is actually accomplished in approximately 
52 cycles within PEC1. For SoPEC the TE need only produce one dot per cycle; it should be able to pro- 
duce tags in no more than twice the time taken by the PEC1 TE. Moreover, any change in implemen Jion 
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from two dots to one dot per cycle should not lose the 63/52 cycle performance edge attained in the PECl 



^i r/u '^ b . ^ l**?"* contains » raw tag data interface FSM that fetches tag data 
from DRAM, two symbol-at-a-time GF(2 4 ) Reed-Solomon encoders, an encoded data interface and a state 
*Z 7 ; or j° nt ~ Um 8 encoding process. It also contains a tagData register that needs to be set up to 
nolo the fixed tag data for the page. 

The type of encoding used depends on the registers TE_encodefixed, TE_dataredun and TE decode2den 
tne options being, ~* 

• (15.5) RS coding, where every 5 input symbols are used to produce 15 output symbols, so the output is 
3 times the size of the input. This can be performed on fixed and variable tag data. 

• (1 5.7) RS coding, where every 7 input symbols are used to produce 15 output symbols, so for the same 
number of mput symbols, the output is not as large as the (15,5) code (for more details see section 
-io.7.6 on page 400). This can be performed on fixed and variable tag data. 

• 2D decoding, where each 2 input bits are used to produce 4 output bits. This can be performed on fixed 
and variable tag data. 

- no coding, where the data is simply passed into the Encoded Data Interface. This can be performed on 
□xed data only. 

aSal ? f ° f fi \ ed ^ da u ta (iC - tWS ** is Same for ^ te « on P^) and variable tag 

data (i.e. different for each. tag on the page). B 

255 ta l da ^ ?J? ,h ?. Sto !* d ™ DRAM 35 120 - bits whcn K is ^re^y c «led (or no coding is required) 
is coded it is 1 20-bits long. It is then stored in the Encoded Tag Data Interface. 

2? nl J? * Storcd , in J the DRAM in form. When (15,5) coding is required, the 120- 

b£ stored m DRAM ^ encoded into 360-bits. When (15,7) coding is required. L 112-bite stored in 
°*\ M a« encoded mt0 24 0-bits. When 2D decoding is required the 120-bits stored in DRAM are con- 
verted into 240-bits. In each case the encoded bits are stored in the Encoded Tag Data Interface. 
The encoded fixed and variable tag data are eventually used to print the tag. 

Jmen* S£f ^ " IT*? fr ° m ^ DRAM at thC 0f a P a 8 e - lt is encoded ^ pessary and 

ts then stored in one of the 8xl5-b.ts registers/RAMs in the Encoded Tag Data Interface. This data remains 
unchanged in the registers/RAMs until the next page is ready to be processed. 

The 120-bits of unencoded variable tag data for each tag is stored in four 32-bit words. The TE re-reads 

a /rVi^ J V 3 Particular te 8 from DRAM > "very time it produces that tag. The variable tag 

data FIFO which reads from DRAM has enough space to store 4 tags 
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| 26.7.3 Data Flow 

An overview of the dataflow through the TDI can be seen in Figure 162 below. 



ENCODED TAG DATA INTERFACE 

-Encoded fixed dan can be up to 120 bits long 
-Use 2 butters to aflow tor 2 simultaneous* 
READs in one cycle. 

-These stores hold the fixed teg data tor 1 tag. 
-Total memory - 120x2 - 240 bits 



RAW TAG DATA INTERFACE 
B*84 



TAG. DATA REGISTER 




REED SOLOMON/ 
DECODE 20 



-The requested tag is READ 
imo this 128-bit butler. 
-This buffer can be updated 
up to 163 times/fine. 
•Each tag wil be loaded 
at least 126 times. 



-mfn dotAag 126 (specified) 
-max dots/fine ■ 1 600x1 2. B _ 20460 
•max tags/fine . 20460/126 « 163 
•max variable data/tag - 120 
-max amount of tag data/ihe - 120x164 



-Split the 120 tag data bits into 2x64- bits (6 spare bits} 
•Max memory needed tor 1 One of tag data - 2x64x164 - 666x32 
» this in hart to alow tor simultaneous READ/WRITE 
a* thb data is loaded it wla be valid tor at least 126 it 




-Have to be able to read one tag* data 
from the Raw Tag Data Interface, RS 
encode and store H in the Encoded Tag 
Data Interface In 63 cycles or less. 



- J 126 Snes. 

* «-J *!!?? ca 5r' **** to P«»e*» 2 dotsteyde. 

-126 Itoes contains 204«0xt26- 2560480 dots. 
-Therefore the data wis" be updated at most every 1 290240 cycles, 
-Total memory . 164x2x64 . 20992-bits 
-Theatoro uses 0-oa addressing. Brt-9 indicates which buffer. 
-Once Printing has started each half buffer has 1/2 a line k\ which to be loaded 
Lelwa12^irx^PneIlr^ 10240dctso/5120n«ies 
tor an6 inch fines has 6400 dots or 3200 cycles 



-Encoded variable data can be up to 360 bits long 
•Use 2 buffers to aflow tor 2 simultaneously 



READs in one cycle. 
-Use 2 buffers to allow tor simultaneous* 
READ/WRITE 

-Total memory - 360x2x2 » 1280 bite 
-Min tag width • 126 dots 

so th« fastesj that t tag can be read - 126/2-63 cyctea 



Figure 162. Data Flow Through the TDI 

The TD interface consists of the following main sections: 

• the Raw Tag Data Interface - fetches tag data from DRAM; 

• the tag data register; 

• 2 Reed Solomon encoders - each encodes one 4-bit symbol at a time; 

• the Encoded Tag Data rnterface - supplies encoded tag data for output; 

• Two 2D decoders. 

Sof^d^er^le 3 Specification for PEC1 is th * ™ "lust be able to output data at a continuous 
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26.7.4 Raw tag data Interface 

The raw tag data interface (RTDI) provides a simple means of accessing raw tag data in DRAM The RTDI 
passes tag data into a FIFO where it can be subsequently read as required. The 64-bit output from the 
FIFO can be read directly, with the value of the »r_rd_counter being used to set/reset as the enable signal 
{rtdAvail). The FIFO is clocked out with receipt of an rtdRd signal from the TS FSM 
Figure 1 63 shows a block diagram of the raw tag data interface. 



ORAM Interface 



raw tag data 
interface 



raw tag data 

FIFO 
(8x64-bfts) 



dJu_dataJ63:0] 
wrptr 

rtd_fflb_wr_en 

rdptr 

pcik 



rtdbuft64:0] 



17 



rtd state 
machine 



tejinishedband 



fifd_wr_en 



rtdbufj63:0] 



(r rtdiwf data registered in Tag Data Reg) 



U 0 Q—l ► U» D 



PCIK 



fifb_wr_en 
diu_td_rvafid 



/afid H J 




Figure 163. Raw tag data Interface block diagram 



26.7.4.1 RTDI FSM 



TTbe RTDI state machine is responsible for keeping the raw tag FIFO full. The state machine reads the line 
ot teg data once for each printiine that uses the tag. This means a given line of tag data will be read at least 
126 times since the tag height is 126 lines for 2 mm tags. Note that the first line of tag data may be read 
fewer than 126 times since the start of the page may be within a tag. In addition odd and even rows of tags 
may contain different numbers of tags. 
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XS" ^VS; ° a S m t h0 X t0 ™ the TE 3,1(1 restart h bctwecn bands " Users set the 
StartTagDataAdr, NextBandEndOJTagData, NextBandFirstTagLineHeight and numTagsfOJ, numTagsf 
registers before starting the TE by asserting Go. numiagsi 

JL^^J^JS? *T d " f °f " COnd ^ subse 1 uent band * of a page, the NextBandStartTagDataAdr, 
NextBandEndOJTagData and NextBandFirstTagLineHeigh registers need to be updated (typical^ 

n "7 "Z» J !S? T^ J/ o 7 WUl bC 1116 Same if the Previ0us band 311 even ™™ b «" Of tag rows) 

^TE^tn"^^ SeCt,0D 266 51 3 *" deSCripti ° n ° f the fOUr WayS 

The RTDI State Flow diagram is shown in Figure 164. An explanation of the states follows: 

n^i%*tS« a 46 ^'t '[^if n ° Variable data P"**™- Ifthere " liable data present and 
there are at least 4 spaces left in the FIFO then request a burst of 2 tags from the DRAM (1 • 256bits> 
Counter countx is assigned the number of tags in a even/odd line which depends on the value of register 
"*°g*ense Down-counter county is assigned the number of dot lines high a tag will be (min 126) Ini- 
tially it must be set ^firsttaglineheight value as the TE may be between pages (i e. a partial tag) For nor- 
mal tag generation cot/nfy will take the value of tagmaxUne register. 

<^f?«> The diu_access state wiU generate a request to the DRAM if there are at least 4 spaces in the 

oS So X th L C ° Unter r-' rf - eoMW<w - which is incremented/decremented on writes/reads 

■ - . IOng 35 wr - rd - counter « less than 4 (FIFO is 8 high) there must be 4 locations free A 

^T^ e J: ^ ad 7 al Z iS 8enerated f ° r durati ° n ° f the DRA M burst accSTddTssel 
TE Code" 6 CT burSt - COUnt COntroIs this «« n » 1 . involve modification to existing 

^^•L^^S^.^ - »^ read will contain a tee in the fi«t 128 bits a^d 

to T? tC C ° ntr0lS • tfaC addreS ^ , 8 t0 me DRAM. Counters counrr and county are used to moni- 
™ t ? TE " P^f 55 "* a ,me ° f «ote within a row of tags. When count* is zero it means all tag 
^ county is zero it means the TE is on the last line of dots (prior to Y 

even? 8 Tn! , '^ S T, ^ ^ ? *■» * me ~» ° f is invented (odd/ 

ST? a ra ™ ta 8 d ? aadr " compared to the te_enaofiagdata address. If rawtagdataadr = endb/m^m 
the ^«eJW sign* ,s set. the finishedband signal is pulsed, and the FSM entere the rtrf ,r«// site until 
the doneband s.gnal ,s reset to zero by the PCU by which time the rawtagdata, endoftagedata and firstta- 

£ ,h5 nnfTlT ^ WI * nC T V2jUeS l ° rCStart the TE - ™ s * used to count the 64-b^eads 
from the DIU. Each time dm_td_rvalid is high rtd_data_count is incremented by 1. The compare of 

^TrTTlr 7 HUm lS neCCCSSaiy to ^ out whcn eitber *U <*64-bit data has been received or 
n o4-oit data (depending on a match of rawtagdataadr = endoftagdata in the middle of a set of 4*64-bit 
values being returned by the DIU. DU 

mf™^ 5 *"* ^ ^o* 6 thC </onefraw</ ^g" 31 to be reset (sec page 379 for a description of how 
this occurs). Once reset the FSM returns to the idle state. This states also performs the same count on the 
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diu^data read as above in the case where diu_td_rvalid has not gone high by the time the addressing is 
complete and the end of band data has been reached i.e. rawtagdataadr = endoftagdata 



variabledataoresent = o 



J3C 



1 



IDLE 



I — *V 



3 



qg = 1 AND wr rd counter < 15 



burst 



D1U_ACCESS 



5> 



tfiu td racfr = 1 



- (rFQJ 



LOAD 



doneband — Q 



D 



dpngband = 1 



.STALL 



Figure 164. RTOI State Flow Diagram 
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Figure 165. Relationship between TE_endoftagdata f cdu_startofbandstore and 
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26.7.5 TDI state machine 

The tag data stale machine has two processing phases. The first processing phase is to encode the fixed tag 
data stored in the 128-bit (2 x 64-bit) tag data register. The second is to encode tag data as it is required by 
the tag encoder. 

When the Tag Encoder is started up, the fixed tag data is already preloaded in the 128 bit tag data record If 
encodeFixed is set, then the 2 codewords stored in the lower bits of the tag data record need to be encoded: 
40 bits if datoRedun = 0, and 56 bits if datoRedun - 1. If encodeFixed is clear, then the lower 120 bits of 
the tag data record must be passed to the encoded tag data interface without being encoded 

When encodeFixed is set, the symbols derived from codeword 0 are written to codeword 6 and the sym- 
bols derived from codeword 1 are written to codeword 7. The data symbols are stored first and then the 
remaining redundancy symbols are stored afterwards, for a total of 15 symbols. Thus, when datoRedun = 
0, the 5 symbols derived from bits 0-19 are written to symbols CM, and the redundancy symbols are writ- 
ten to symbols 5-14. When dataRedun = 1, the 7 symbols derived from bits 0-27 are written to symbols 0- 
6, and the redundancy symbols are written to symbols 7-14. 

When encodeFixed is clear, the 120 bits of fixed data is copied directly to codewords 6 and 7. 
The TDI State Flow diagram is shown in Figure 166. An explanation of the states follows. 




Figure 166. TDi State Flow Diagram 

idle:- In the idle state wait for the tag encoder go signal - top^go = 1 . The first task is to either store or 
encode the Fixed data. Once the Fixed data is stored or encoded/stored the donefixed flag is set. If there is 
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no variable data the FSM returns to the idle state hence the reason to check the donefixed flag before 
advancing i.e. only store/encode the fixed data once. 8 

^-^; Ill « th . C ^ Cd - dat f State FSM mUSt decode whcther to Meetly store the fixed data in the 
Em or if the fixed data needs to be either (1 5:5) (40-bits) or (15:7) (56-bits) RS encoded or 2D dtoded 

JoulTbT m K&StCIS enCOdefiXBd "« *"<"■«""> » d *'code2den ietermine what £ Tn«t Zo 

bypassjo^di> The bypass_to_etdi takes 120-bits of fixed data(pre-encoded) from the tag_data(127 0) 
renter and stores lt in the 15*8 (by 2 for simultaneous reads) buffers. The data is pasted from the 
M&Z «g" te r through 3 levels of muxing (levell, level2, levels) where it enters the RS0/RS1 encoders 
225,? T ™ 3 f 31 ? 1 ^"f m0dC (iC - COntmU md contro1 - 7 ™ 2ero hence the data passes 
wordfo,7 ^ ° UtPUt) - 7116 MSBS ° f *" etd -^- adr ^ high to store this data as 

etd_buf switch:- This state is used to set the tdvalid signal and pulse the etd_adv tag signal which in turn 
S ^fT"" ° fthe ETDi buffers (NnM9 . The^^ignal bused to id"n^ 
the first time a tag is encoded. If zero it means read the tag data from the RTDi FIFO and encode Once 

t^L - J?!*??*? MS *** WherC * evaluates of First time around 

, "^seta (A«Wand returns to the readtagdata state to fill the 2nd ETDi buffer. After this 

foZT ° ™* Wo«n to g signal to arrive. In between tags when the £ 

doungtag signal is received the etd.adv_tag is pulsed and the FSM goes to the readtagdaTstate However 
tftohstdotuaag signal arrives at the end of a line there is an extra 1 cycle delay introduced in geneXg 
P a £" ^-^-^-endofline) due to the pipelining in the TFS. This allows all the 
previous tag to be read from the correct buffer and seamless transfer to the other buffer for the next line 

ZrtSlT^ feadtagdata ^J 0 'eceive ^ signal from the raw tag data interface which 

T 1 ^- ^ tag - data rcgister * 128 - bits 50 * ^ 2 pulses of the «dW 
Si rlt^f 2 * 64 - b,t l ln 'o me «^ter. If the rtda.aH signal is set rtdrd is puked for 1 cycle 

and the FSM steps onto me loadtagdata state. Initially the f^first64bits wUl be zero. She 64-bits ofS 
cTmXf ^JT^^r 1 ******* is set to indicate the first raw tag data read! 
SKS",? 16 1 fT bECk t0 4,16 ^-tagdata state where it generates the second rtdrd pulse. 

SlSS D <S/ PS ° nt ° gd3ta ^ f ° r Whefe ,econd 64 " bits ofrawtag date are assigned to 

1 J e loadtagdata state writes the raw tag data into the.r«g_<fer a register from the RTDi FIFO, 
rfff flag «s reset to zero as the tag_<te« register now contains 120/1 12 bits of variable data. A 
decode of whether to (1 5:5) or (1 5:7) RS encode or 2D decode this data, decides the next state. 

ZzHmJ'aV* I V 15 - 5 i Re ! d So,omon < 15:5 > mode ) «ate either encodes 40-bit Fixed data or 120-bit 
r^cLt? n P ? V, fi d " thC e ! 1Coded data ^te address and write enable (etd_wr_adr and eAftv. 
n,™ S Once Ae fixed tag data ,s encoded the donefixed teg is set as this only needs to be done once 
• ? ^fi ^ varutbledata Pr*sent register is then polled to see if there is variable data in the tags. If there 
F.r?K^l ^ P ,T SSent ^ *"* must be read *° m ^ RTDi and loaded into the tagjata register. 

P^? f fla ? T*,' bC 841 and FSM retUmS to 1116 idIe ««"■ control -5 is a controlbit for the RS 
fcncoder and controls feedforward and feedback muxes that enable (1 5:5) encoding. 

The r ^" 15 -^ 3,50 generates the control signals for passing 120-bits of variable tag data to the RS 
encoder in 4-bit symbols per clock cycle. r S _counter is used both to control the levell mux and act as the 
1 5-cycIe counter of the RS Encoder. This logic cycles for a total of 3* 1 5 cycles to encode the 1 20-bits. 

bols 7 h^eadof 5 _1 5 ~ * '° E ° 5 ~* *** levell - mux has to «lect 7 4-bit sym- 

I^'va^ **** Provides the contro! **** ^ P^ing the 

120-bit vanable data to the 2D decoder. The 2 Isbs are decoded to create 4 bits. The 4 bits from each 



Ooc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29"Nov 2002 
Page 393 



\ 



SoPEC : Hardware Design 



decoder are combined and stored in the ETDi. Next the 2 MSBs are decoded to create 4 bits. Again the 4 
bits from each decoder are combined and stored in the ETDi. 

As can be seen from Figure 161 on page 386 there are 3 stages of muxing between the Tag Data register 
and the RS encoders or 2D decoders. Levels 1-2 are controlled by level l_mux and level2_mux which are 
generated within the TDi FSM as is the write address to the ETDi buffers (etd__wr_adr) 

Figures 1 67 through 172 illustrate the mappings used to store the encoded fixed and variable tag data in the 
ETDI buffers. 
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Figure 167. Mapping of the tag data to codewords 0-7 
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Figure 168. Coding and mapping of uncoded Fixed Tag Data for (15.5) RS encoder 
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Figure 169. Mapping of pre-coded Fixed Tag Data 
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Figure 170. Coding and mapping of Variable Tag Data for (15,7) RS encoder 



Doc; SoPEC_hardware__design 
Version: 2.3 



S3 Proprietary Document 



2!TNov 2002 
Page 397 



SoPEC : Hardware Design 



J3 
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Figure 171. Coding and mapping of uncoded Fixed Tag Data for (15,7) RS encoder 
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Figure 172. Mapping of 2D decoded Variable Tag Data 
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26.V.6 Reed Solomon (RS) Encoder 



J3 



26.7.7 Introduction 

A Reed Solomon code is a non binary, block code. If a symbol consists of m bits then there are a - 2» n«< 
s.b.esymbols denning the code alphabet. In the TE, m = 4 so the number o^polte^isq' 16 
An (n,k) RS code is a block code with k information symbols and n code-word symbols RS codes have 
the property that the code word n is limited to at most q+1 symbols in length 

r^c^^ 

^lK£2££ SSr dar ^ aetennined by the 

• TE_dataredun = 0 and TE_decodc2den = 0, then use the (1 5,5) RS coder 

• TE_dataredun = 1 and TE_decode2den «= 0, then use the (15,7) RS coder 

wL 3 IttuZ^L t£ * ^r^ 011 Symb °' S to the coder *»*■<* 1 5 4-bit code- 

A simple block diagram can be seen in. 



1 2 H k 

G3ZEEEEEEI ' nmJPTTnnra — » 



RS (n f k) encoder 
symbol size m=4 



1 2 n-1 n 



Figure 173. Simple block diagram for an m=4 Reed Solomon Encoder 

26.7.8 I/O Specification 

A I/O diagram of the RS encoder can be seen in. 



pcik 



prst__n 



re_<tatajnf3:0j 



Reed Sotomon Encoder 



enable 



TE_dataredun 



rs_data_<XJtj3:0) 



Figure 174. RS Encoder I/O diagram 

26.7.9 Proposed implementation 

In the case of the TE. (15.5) and (15,7) codes are to be used with 4-bits per symbol. 
The primitive polynomial is p(x) = x 4 + x + 1 
In the case of the (15.5) code, this gives a generator polynomial of 
g(x) = (*^)(x+* 2 )(x+a 3 Xx+a 4 )^^ 

g(x) « x 10 + a 2 x 9 -h a 3 x 8 + aV + a 6 x 6 + a 1 V + a 2 x 4 + ax 3 + a 6 x 2 + ax + a 10 
s(x)-x^-H g9 x^ g8 x^ g7 x 7 + g6 x« + fex s + ^4 + g3X 3 + g2x2 + gx + 
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In the case of the (1 5,7) code, this gives a generator polynomial of 

h(x) = (x+a)(x+a 2 )(x+a 3 Xx+a 4 Xx+a 5 )(x+a 6 )(x+ a 7 )(x+a 8 ) 

h(x) = x 8 + a 14 x 7 + aV + aV + a 2 x 4 + a 1 V + a 5 x 2 + a n x + a 6 

h(x) = x 8 + h 7 x 7 + hgx 6 + h 5 x s + h4X 4 + hjx 3 + h 2 x 2 + h,x + ho 

^ZT^yZt ^ PM ^ ***** gCnera, ° r P ° lyn0mial *"» * Po^omial made up 
This division is accomplished using the circuit shown in Figure 175. 




(ftctenocos an muftipSer thai 
«urtipSe» Galois Rett dements 

0cJerxrt©9 an edde/ that 
adds Galors ReU elements 



ra_datajn(3:0) 



n_data_out(3:0) 



Figure 175. (15,5) & (15,7) RS Encoder block diagram 

ss^jmsiss:* 1 (i5 ' s) ° r (is ' 7) mode - 1116 45 - de * «*— 

^ s ° z ^ ng 111 < l5 ' 5 > mode COfl& » / - 7 « always zero and when operating in (1S.7) mode contrvl_5 is 

Firstly consider (1 5,5) mode i.e. TE_dataredun is set to zero. 
For each new set of 5 input symbols, processing is as follows: 

"The 4-btts of the first symbol d 0 are fed to the input port rs_dataJnQ:Q) and controlji is set to 0. m«x2 is 
set so as to use the output as feedback. control_S is zero so muxd selects the input (nr data in) as the out- 

7 \i r Z£?-T}.°T- ^J" 8 SCttlcd (<< 1 CyCle >' me shift re ^Sters are clocked Tne next symbol 
£' ^??-f^ P 1 W «« again after the data has settled the shift registers are clocked again. This 
k repeated for the next 3 symbols d 2 , d 3 and d 4 . As a result, the first 5 outputs are the same as toe inputs 
After 5 cycles the shift registers now contain the next 10 required outputs. conirvU is set to 1 for the next 
10 cycles so that zeros are fed back by mux2 and the shift register 4ues are fW to the output by «S 
and mux4 by simply clocking the registers. P V 
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A timing diagram is shown below. 



cflt 

rs_datajn{3:0j 
rs_data__outf3:0] 
rs_counter 



TE^dataredun J |_ 

controLS 



controf_7 




Figure 176. (15.5) RS Encoder timing diagram 



Secondly consider (i 5,7) mode i.e. TEJUitaredun is set to one. 
In this case processing is similar to above except that control 7 stays low while 7 cvmMc (A a j ^ 

ZSf in * £7?' 35 b T fed back bto — *-22« r^L^^ 1 ^ 

cycles, con^/_7 is set to 1 and the contents of the shift registers are fed to the output 
A timing diagram is shown below. 



ra_dataJnJ3:0] 

rs_data_out(3:0J 

rs_oounter 




Figure 177. (15,7) RS Encoder timing diagram 

The enable signal can be used to start/reset the counter and the shift registers. 

Jin R o?Z?1r ^ 5 C dCSignCd *? ^ enCodi118 m on a risi *g edge. After 15 symbols have 

b^eTealh^w^ ^ ^ * ^ ^ h ^ As a — ^ a delay 

£?^ ly ' Cnable u goes ^ h the re ^rs are reset and encoding will proceed until it is 

olut TL7^?~ ln ?T * * COrrCCt Usin ^ 11115 mcth0 ^ **a can be continuously 

output at a rate of 1 symbol per cycle, even over a few codewords. 

Alternatively, the RS encoder can request data as it requires. 

The performance criterion that must be met is that the following must be carried out within 63 cycles 

• load one tag's raw data into TE^tagdata y 

• encode the raw tag data 

• store the encoded tag data in the Encoded Tag Data Interface 

Ih^t cT7/u hC ** at * e **" 0f a is no defou * performance criterion except 

that it should be encoded and stored as fast as possible. criterion except 
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26.7.10 Galois Field elements and their representation 

A Galois Field is a set of elements in which we can do addition, subtraction, multiplication and division 
without leaving the set. 

The TE uses RS encoding over the Galois Field GF(2 4 ). There are 2 4 elements in GF(2 4 ) and they are gen- 
erated using the primitive polynomial p(x) = x 4 + x + 1 . 

The 16 elements of GF(2 4 ) can be represented in a number of different ways. Table shows three possible 
representations - the power, polynomial and 4-tuple representatiorL 

Table 129. GF(2 4 ) representations 















0 


0 


(0000) 


1 


1 


(1 00 0) 


a 


X 


(0 10 0) 


cc 2 


X 2 


(00 10) 


a* 


X 3 


(0 0 01) 


a 4 


t +x 


(110 0) 


a* 


x+x 2 


(0110) 


a 6 


x 2 + x 3 


(0 011) 


a 7 


1+X +x 3 


(110 1) ] 


a 8 


1 + X 2 


(1010) 


a 9 


X +x 3 


(0 10 1) 


a 10 


1 +X + X 2 


(1110) 


a" 


x+x 2 +x 3 


(0 111) 


a 1 * 


1+X + X 2 + X 3 


(1111) 


a 13 


1 + X 2 + X 3 


(10 11) 


a 14 


1 + x 3 


(10 0 1) 



26.7,1 1 Multiplication of GF(2*) elements 

The multiplication of two field elements a* and a b is defined as 
Ct° = a a .a b = a (a+b)modulo 15 

Thus 

a 5 .a ,0 = a 15 
a 6 .a ,2 = a* 

So if we have the elements in exponential form, multiplication is simply a matter of modulo 15 addition. 
If the elements are in polynomial/tuple form, the polynomials must be multiplied and reduced mod x 4 + x 

Suppose we wish to multiply the two field elements in GF(2 4 ): 
a a = a 3 x 3 + a 2 x 2 + a,x* + ao 
a b = b 3 x 3 4-b 2 x 2 + b,x l + b 0 
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where aj, b { are in the field (0,1) (i.e. modulo 2 arithmetic) 
Multiplying these out and using x 4 + x + 1 = 0 we get: 

a a+b - Kaobs + snb 2 + & 2 *>i + a 3 b 0 ) + a 3 b 3 ]x 3 

+ fOkte + ajbj + a 2 b 0 ) + a 3 b 3 + (a^ + a 2 b 3 )]x 2 

+ [(aobj + ajb 0 ) + (a 3 b 2 + a 2 b 3 ) + (a^ + a 2 b 2 + a 3 bi)]x 

+ [(ao°0 + ajb 3 + a 2 b 2 + a 3 b,)] 
cc a+b = [aob3 + ajb 2 + a 2 b, + a 3 (b 0 + b 3 )]x 3 

+ [aob 2 + a^! + a 2 (b 0 + b 3 ) + a 3 (b 2 + b 3 ) ]x 2 

+ [aob, + ai (b 0 + b 3 ) + a 2 (b 2 + b 3 ) + a 3 (b, + b^ ]x 

+ [ao b o + a i*>3 + *2 b 2 + ^il 

If we wish to multiply an arbitrary field element by a fixed field element we get a more simple form. Sup- 
pose we wish to multiply or by a 3 . 

In this case a 3 = x 3 so (a0 al a2 a3) = (0 0 0 1). Substituting this into the above equation gives 

cc Css (b 0 + b 3 )x 3 + (b 2 + b 3 )x 2 + (b I +b2)x + bj 
This can be implemented using simple XOR gates as shown in Figure 178 

*b tfc b, bo =a b 







1 


J 

t 


1 


; 

t 




r 

r ▼ 



Ca ca Cl cq -a b * 3 

& excfusive OR gate 

Figure 178. Circuit for multiplying by a 3 

26.7.12 Addition of GF(2*) elements 

If the elements are in their polynomial/tuple form, polynomials are simply added. 
Suppose we wish to add the two field elements in GF(2 4 ): 

oc* - a 3 x 3 + a 2 x 2 + ajx + ao 

d b = b 3 x 3 + b 2 x 2 + b,x + b 0 
where aj, b { are in the field (0,1) (i.e. modulo 2 arithmetic) 

a c = a a + a b - (a 3 + b 3 )x 3 + (a 2 + b^x 2 + (a , + b, )x + (ao + b 0 ) 
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Again this can be implemented using simple XOR gates as shown in Figure 179 

»3 bj fe b, a, bo *, 



T T T T 



OR gate 



Co -a^a* 



Figure 179. Adding two field elements 



26.7.13 Reed Solomon Implementation 



^er^ ** ^plication circuits and instantiate them 

wnere necessary. Alternatively the feedback multiplications can be combined as follows. 

Consider the multiplication 



a a .ct b = a c 
or in terms of polynomials 



(a 3 x + a 2 x 2 + a,x + a^x 3 + l^x 2 + b,x + b 0 ) = (c 3 x 3 + c^x 2 + c,x + <*) 
re^^^ 



Table 130. a* multiplied by all field elements, expressed in terms of a b 




r12 



(0 000) 



(10 0 0) 



(0 100) 



(00 10) 



(000 1) 



(110 0) 



(0 110) 



(001 1) 



(110 1) 



(10 10) 



(010 1) 



(1110) 



(0 111) 



(1111) 



(1011) 



b 0 +b 3 



b 1+ b2 



b 0 +b 1+ b 3 



bo+b2 



bi+b 3 



bo+^+^3 



bi+bg-fOg 



bo+bv4b2+b 3 



(10 0 1) 



bo+bj+t^ 



bo+b, 



the following signals are required: 
* b 0*°i»b 2 , b 3 , 



bo+ba 



b 2 +b3 



b,+b2 



b 0 +b t +b 3 



bt+bg 



bo+b^fb3 



b n +b2+b 3 



bQ+b 1 +b 2 +b 3 



b 0 +b 1 4b 2 



*>o+bi 



bo 



bo^>3 



b2+b 3 



bi^. 



bo+b, +63 



bo+bg 



b,4b 3 



bo+t>2+b3 



b 1 +b 2 4b 3 



bo+bi+^+b 3 



bo+bt+ba 



b 0 +bi 



bo 



ba 
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bo*** 



bi+b3 
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• ( bo+b,), (b 0 +b2), (b 0 +b3), (b,+b 2 ), (b,+b3), (b 2 +b 3 ), 

• (bo + bi+b 2 ),(b 0 +b 1 +b3),(b 0 +b 2 +b 3 ) t (b 1 +b 2 +b3) > 

• (bo+b^bj+bj) 

The implementation of the circuit can be seen in Figure . The main components are XOR gates 4-bit shift 
registers and multiplexers. 

The RS encoder has 4 input lines labelled 0,1,2 & 3 and 4 output lines labelled 0,1,2 & 3. This labelling 
corresponds to the subscripts of the polynomial/4-tuple representation. The mapping of 4-bit symbols 
from the TE^tagdata register into the RS is as follows: 

" me LSB in the TE_tagdata is fed into lineO 

- the next most significant LSB is fed into linel 

- the next most significant LSB is fed into line2 

- the MSB is fed into line3 

The RS output mapping to the Encoded tag data interface is similiar. Two encoded symbols are stored in 
an 8-bit address. Within these 8 bits: 

- lineO is fed into the LSB (bit 0/4) 

- line 1 is fed into the next most significant LSB (bit 1/5) 

- Iine2 is fed into the next most significant LSB (bit 2/6) 

- iine3 is fed into the MSB (bit 3/7) 
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ho (a 6 ) Ma 11 ) ha (a 5 ) h 3 (a 13 ) h 4 (a 2 ) h 5 (a 4 ) h 6 (a 2 ) h 7 (a 14 ) 



bo+b,*^ 



bt^bj 

bo^bi+b^bj 



n 



b^b,*^ 
b,*bj 



be+b^ 

bo 
bo+b. 



b* 

b^ 
bo*bi 
b, 



bo*b, 
bo+bt*bj 
bi*bj 
b2*bj 



*e*UJ — »e4Ai 



3k: 5: 

— — w 



bo*ba 



bo-bi 
bj 



tt4 




9o(« 16 ) 9i(a) 9 2 (<* 6 ) 9 3 («) 94 (a 2 ) g 5 (a 14 ) 9e(« 6 ) 9? (a 9 ) 9s (« 3 ) ^(ce 2 ) 

b o* fa 2* to a b» b,*ba ba bg+b, b,*** b,*bj b, &j 



to*bi*b2 
bo*b|*ba*b» 
b^b^ 



bo^ba 
ba 



L-Iaj — 



b,*bs 
b^b, 
bo+bj+b. 



bo*b3 
b, 
ba 



bj^b 
bo** 
b, 



bo*b, 
bj 
bj 



a; 



b,*bs 
bo^bj 
bo*b,+b3 



* 



4 



bo*b,+b r ^b 3 
bi+by+ba 
ba+b^bj 



bi*ba 

br*j 
bo*b3 



I 



br»b3 
bo+bj 
bi 



©, + «xdushre OR caio 
4-bit BhNl r©^st«r 



ra_<tata_ln(3:0) 



Figure 180. RS Encoder Implementation 



Ilk 



tB_data_oot(3:0) 
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26.7.14 2D Decoder 



The 2D decoder is selected when TE_decode2den = 1. it operates on variable tag data only its function is 
to convert 2-bits into 4-bits according to Table 131. iunctron is 

Table 131. Operation of 2D decoder 



mm 




00 


0001 


01 


0010 


t 0 


0100 


1 1 


1000 



26.7.1 5 Encoded tag data interface 



rai e d!T S ^ti^L intCrf r C °^T S *" e o COded fUCed t3g data store inte ^ ^d an encoded variable 
tag data store interface, as shown in Figure 181. 



dataln 



rdAdrO 



etdwe 



rdAdrf 
wrAdr 



advTag 



encoded tag data Interface 



• 7 (low bits), 



r ' 6 



8°; 

,'2<hibfts 



/ '2 (hi bite) 

V rdAdrO^ " 



-o- 



^7 P 

^ rdAdrl^ 



'2 (hi Wis) 



-7- 

i wrAor 



y '4(lowbite) 



encoded 

fixed 
tag data 



t dataln 8 



omi V 

: y£- 



rdAdro^ . 

9 fdAdr-1 ^ 
"7* ■ ► 



_Sc_wrAdr. 
evtdwe 



encoded 
variable 
tag data 



o- 



dataln 6 
I + 



otitO 



_put1 



4 L advTag 



x'1 



etdl 



etdO 



Figure 181. encoded tag data interface 
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The two reord units simply reorder the 9 input bits to map low-order codewords into the bit selection com- 
ponent of the address as shown in Table 132. Reordering of write addresses is not necessary since the 
addresses are already in the correct format. 



Table 132. Reord unit 



m 


§fel 




PI 

mm 






A 




A 


select 1 of 4 codeword tables 




B 


select 1 of 8 codewords 


B 




C 




D 






D 




E 


select 1 of 15 symbols 


mm 


E 


select 1 of 1 5 symbols 


F 




F 


G 




um 


G 




C 




MM 


H 


seJect 1 of 4 bits 


H 


select 1 of 8 bits 






1 





The encoded fixed data interface is a single 15 x 8-bit RAM with 2 read ports and 1 write port. As it is only 
written to during page setup time (it is fixed for the duration of a page) there is no need for simultaneous 
read/write access. However the fixed data store must be capable of decoding two simultaneous reads in a 
single cycle.Figure 1 82 shows the implementation of the fixed data store. 




3(Io bits) 
■7^- 



Figure 182. encoded fixed tag data interface 

The encoded variable tag data interface is a double buffered 3 x 15 x 8-bit RAM with 2 read ports and 1 
write port. The double buffering allows one tag's data to be read (two reads in a single cycle) while the 
next tag's variable data is being stored. Write addressing is 6 bits: 2 bits of address for selecting 1 of 3, and 
4 bits of address for selecting 1 of 15. Read addressing is the same with the addition of 3 more address bits 
for selecting I of 8. 

Figure 1 83 shows the implementation of the encoded variable tag data store. Double buffering is imple- 
mented via two sub-buffers. Each rime an AdvTag pulse is received, the sense of which sub-buffer is being 
read from or written to changes. This is accomplished by a 1-bit flag called wrsbO. Although the initial 
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advTag - 




Figure 183. Encoded variable tag data interface 



-> outO 



-> OUt1 




fdAdrl 



outO 



Figure 184. Encoded variable tag data sub-buffer 
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26.8 Tag Format Structure (TFS) Interface 



26.8.1 Introduction 

The TFS specifies the contents of every dot position within a tags border i.e.: 

• is the dot part of the background? 

• is the dot part of the data? 

The TFS is broken up into Tag Line Structures (TLS) which specify the contents of every dot position in a 
particular line of a tag. Each TLS consists of three tables - A, B and C (see Figure 185). 
For a given line of dots, all the tags on that line correspond to the same tag line structure. Consequently for 
a given line of output dots, a single tag line structure is required, and not the entire TFS. Double buffering 
allows die next tag line structure to be fetched from the TFS in DRAM while the existing tag line structure 
is used to render the current tag line. 

The TFS interface is responsible for loading the appropriate line of the tag format structure as the tag 
encoder advances through the page. It is also responsible for producing table A and table B outputs for two 
consecutive dot positions in the current tag line. 

o 31 



TE__tfsstartadr I 



Tag Format Structure 
fertaflX 



The number of dot lines 

In a Tag ■ n+1 

Lb. TagH&ight « ru-1 



TE_tf$endadr 



TLSX_0 



TLSX-1 



TLS X_2 



TLSX_n 



TLSX+1 0 



TLSX+1 1 



TLSX+1 2 



TLSX+1 n 



Table A 

24 x 32*rts^768-txts 
(384 entries x 2-bits) 



Table B 

9 x 32-blts*«28e-blts 
f32 rnifri^ * ft-h^) 



Q 10- - ^ 



23 
24 

32 



33 



•31 



Table C 
10-Wts 

(2 entries x 5-blts) 



22 -bits reserved and unused 



Figure 185. Breakdown of the Tag Format Structure 

• There is a TLS for every dot line of a tag. 

• All tags that are on the same line have the exact same TLS. 

• A tag can be up to 384 dots wide, so each of these 384 dots must be specified in the TLS. 

• The TLS information is stored in DRAM and one TLS must be read in to the TFS Interface for each 
line of dots that are outputted to the Tag Plane Line Buffers. 

• Each TLS consists of 17 64-bits words. This is read from DRAM as 5 times 256-bit words with 192 
padded bits in the last 256-bit DRAM read. 

26.8.2 I/O Specification 

Table 133. Tag Format Structure Interface Port List 



1 




namepBfP&^Si 




wmmm 






PCIK 


In 


SoPEC system clock 1 




prst_n 


In 


Active-low, synchronous reset ii 


i pclk domain 
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Table 133. Tag Format Structure Interface Port List 





IE 

111 
in 




tfs_diu_rreq 
tfs__diu_radr[2l;5J 

top_advtagltne 
top_tagaltsense 

topjastdotintag 


Out 
Out 

fn 
In 

In 


urvwi 

Read request to DRAM 

Read address to DRAM — 

Pulsed after the last line of a row of tags 

For even tag rows = 0 I.e. 0,2,4.. " 

For odd tag rows = 1 i.e. 1 ,3,5... 


top__dotposvalid 

top_tagdotnum[7:0J 
tfsLvaJid 
tfsUa_dotO[1:OJ 
tfsLta__dotl[i.-0] 

tag encoder top level (PCU read 

tfs_te_tf sstartad r{23 ;0] 
tfs_te_tfsendadrf23:0] 
tfs_te_tfsfirstOneadrf23:0] 
tfs_te_currtfsadrI23X)] ! 
TDI L 

tfsLtdLadrO(8:0] 
tfeLtdLadr1(8:0J 


In 
In 

Out ; 

Out 
Out 

decoder) 
Out 
Out 
Out 
Out 

Out j 
Out [ 


Last dot In tag Is currently being processed 

SSaWe*" POSlt> ° n fe a tefl ** and te structure date and tag data is 

Counts from zero up to TE_tagmaxdotpairs (min. =l ( max, 192) 
TLS tables A, B and C t ready for use 
Even entry from Table A corresponding to top tagdotnum 
Odd entry from Table A corresponding to top tagdotnum 

TFS tfsstartadr register 
TFS tfsertdadr register 
TFS tfsfirstBneadr register 

Read address for dotO (even dot) 
Read address for oot1 (odd dot) 
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26.8,2.1 State machine 



The state machine is responsible for generating control signals for the various TFS table units, and to load 
the appropriate line from the TFS. The states are explained below. 

idle:- mil for top_go to become active. Pulse advjfsjine for 1 cycle to reset tawradr and tbwradr regis- 
ters. Pulsing advjfsjine will switch the read/write sense of Table B so switching Table A here as well to 
keep things the same i.e. wrtaO = NOT(wfa0). 

diu r access> In the diu_access state a request is sent to the DIU. Once an ack signal is received Table A 
write enable is asserted and the FSM moves to the tlsjoad state. 

«7^u. DRAM aCGeSS is a burst of 5 256 ~ bit accesses, ultimately returned by the DIU as 
5 (4*64bit) words. There will be 192 padded bits in the last 256-bit DRAM word The first 12 64-bit 
words reads are for Table A, words 12 to 15 and some of 16 are for Table B while part of read 16 data is for 
Table C. The counter read_num is used to identify which data goes to which table. The table B data is 
stored temporarily in a 288-bit register until the dsjpdate state hence tbwe does not become active until 
read__num = 1 6). 

• The DIU data goes directly into Table A (12 ♦ 64). 

• The DIU data for Table B is loaded into a 288-bit register. 

• The DIU data goes directly into Table C. 



tls_update> The 288-bits in Table B need to written to a 32*9 buffer. The Us_update state takes care of this 
using the read_num counter 

th Z n ^ ™ S *** ChCCkS Iogic lcvel of tfsvaM 211(1 ^ches the read/write senses of Table A (wrtaO) 
and Table B a cycle later (using the advjfsjine pulse). The reason for switching Table A a cycle early is 
to make sure the topjevel address via tagdotnum is pointing to the correct buffer. Keep in mind the 
topjevel is working a cycle ahead of Table A and 2 cycles ahead of Table B. 

If tfsValid is 1, the state machine waits until the advTagLine signal is received. When it is received, the 
state machine pulses advTFSLine (to switch read/write sense in tables A, B, C), and starts reading the next 
line of the TFS from currTFSAdr. 

If tfsValid is 0, the state machine pulses advTFSLine (to switch read/write sense in tables A, B, C) and then 
jumps to the tk_tfsvahd_set state where the signal tfsValid is set to 1 (allowing the tag encoder to start or 
to conunue if it had been stalled). The state machine can then start reading the next line of the TFS from 
currTFSAdr. 

tls_tfsvalid_next:- Simply sets the tfsvalid signal and returns the FSM to the diu_access state. 

If an advTagLine signal is received before the next line of the TFS has been read in, tfsValid is cleared to 0 
and processing continues as outlined above. 
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The TFS state flow diagram is shown in below.. 

top no — fl 



1QP. CO 55 

^ idle J 



too OQ B 1 



tfsvajfti = 1 ftNQ 
too advtag|[ nft — 



diu^access ^ 



diu tfs rank ^- 1 



^ tfsjoad ^ 



^ tis_jjpdate ^ 



read num^^ 



tis. 


next^^ 




tfe valid 0 


1 





■^Jls_tfsvalid_se7^ 



Figure 186. TFSI FSM State Flow Diagram 
26.8.3 Generating a tag from Tables A, B and C 

and™i»We). m ^ b, ^ w ^P^™°fP™orth c ue-s<l^a>mpoii ra (b„a6«d 
known as a Tag Line Someone, ag m aots. i be TFS entnes that speeily e smgle dol-lme of a lag are 

£11 Tc* 1 ,i,,es fa *• "-^ b «- *» ™ — 

0. do, dtaeLm. M all SE^SE^EST^ ™' Ch *= ° f b ° Und " e "» «" "» "8 ™ 
^^^enSeelSr^ 
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Table 134. Interpretation of b itO from entry In Table A 



^S,Ti , ° m * d8ta bit Bit1 is used in conjunction with Tag Line 
Structure Table B to determine which data bit will be output 



^S^SSS^ of bH1 < roOT entry ,n toble A when b,to = ° 

to I output Q 

j I output l" 



i? ^ 136 _ >nt 5 Pretatl0n ° f bft1 from e ntr V fn »*e A when bltO = 1 




output data bit pointed to by current index Into Table B 



output data bitpofoted to by current index into Table B, and advance index by 1 . 



win oe given by the address stored in entry 0 of Table B A* w a H V4 n,. «i *u • , m a lag 

will advance through the various Table B entries ' 8 the V3nOUS ^ dots we 

Each Table B entry is 9-bits long and each points to a specific variable or fixed date bit for rtw. p u 



Table 137. Interpretation of 9-blt tag data address In Table B 



codewords. 
Codewords 0, 1, 2. 3, 4, 5 are variable data 
Codewords 6, 7 are fixed data. 
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Table 137, Interpretation of 9-blt tag data address in Table B 




d SymboJSefect 



BitSelect 



Select 1 of 1 5 symbols (1111 Invalid) 



Select 1 of 4 bits from the selected symbols 



If the fixed data is supplied to the TE in an unencoded form, the symbols derived from codeword 0 of fixed 

tZ"? ^ e 2 t0 Z° Td 6 ^ ^ Symb0lS dcrived from faed 1 are wntten to cS e 

wSL fbfa £ FonESlS T "? an ' thCn ^ redundancy symbols are stored Xr- 

^w^^^uST^J^ W 5 CD ? ymb ° ls ^ used, the 5 symbols derived from bits 0-19 
are wntten to symbols 0-4, and the redundancy symbols are written to symbols 5-14. When 7 data svtnbnU 

wSo^ 

OZZ?™' ^ fthC 15X6,1 SUppUed to ^ TE in a pre-encoded form, the encoding could theoretically be 

anythmg. Consequently the 120 bits of fixed data is copied to codewords 6 and 7 JsCnSe 138 

Iw!^ !S^L° f nX ^Hl° COdeV ^ rd/Symb0 ' S When no ^undancy encoding 





§§iK 




0-19 


S 0-4 




20-39 


1 0-4 


7 


40-59 


5-9 


6 


60-79 


5-9 


7 


80-99 


10-14 


6 


100-119 


10-14 


7 



It is important to note that the interpretation of bitl from Table A (when bitO = 1) is relative A 5-bit index 

SSSSSfPt ^ ** " TaWe B - SiBCe thC ***** °° aparticutaxIS may or ^y not 

^ at the first dot m the tag. an uuhal value for the index into Table B is needed Subsequent tags on the 

KatelS^?! ^ ^ *? ^ dC l 0f °» ^ " *• — ^ a line will sLnX fS 

£ 21 ^f * ^ . ^fH rcndCred ^ WHal mdeX rc£ l uired «ue to the rendering of a partial tag at 
n^S£ £ ^ 6 h 18 SUPPhed * Tab ' C C 1116 initial indcx wi » ^ different for each Til and Lre are rwo 
poss.ble uutial mdexes smce there are effectively two types of rows of tags in terms of initial offsets 

tat^eSrl'ot^Jj 6 T 10 ^^ indCX ^ Table B (2 5 " bit indiccs >- "Bering even rows of 

tags entry 0 s used as the initial index into Table B. and when rendering odd rows of tags, entry 1 is used 

Z'^JZt: T f! C ? md SUbSeqUent left m °* do? poSon Sn 

uie tag, so can use an initial index of 0. 
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26.8.4 Architecture 

A block diagram of the Tag Format Structure Interface can be seen in Figure 187. 

TFS Interface 



tagDotNum 



data In 



. read Ad r 



control 
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machine 
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✓ '2 taEven y 



2taOdd 



taWeC 
interface 



/ 5 
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• tcwe 



taWeB 
interlace 



4<- 



Figure 187. TFS Block Diagram 
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26.8.4. 1 Table A interface 



advTFSUne_ 
tawe 



taRdAdr 



4- 



data In 



64 



AdrGen 



TaWeA 
interface 




adr. 



datajn 



16x64-ttts 
table A (0) 



30 



adr 



datajn 



16x64-bfts 
tabieA<i) 



ta_d<HO_lcycle later 
<a.dotl_lcyclebter 
- A* k. 



Zjblts 1&0) ta£vcn 



2 jb its 3&2) 



taOdo 



Figure 188. Table A interface block diagram 

J !f to . the 2 ^ t *» e P'Pehung <n the TFS from registering Table A and Table B cutouts 
hence this extra reg,stenng stage for the generation of ta_dotO_lcyclelater and ta_dotl_lcycie!ater 



cSreTrh^ vV^ ,s 1 re u ce, r ed ' me sense ° f w *ch RAM is being read from or written to 

changes. This is accomphshed by a 1 -bit flag called wrtaO. Although the initial state of wrtaO is irrelevant 
it must invert upon receipt of an AdvTFSLine pulse. A 4-bit counter called ^^^2 
address for the 12 writes that occur after the start of each line Reined 



^e (table A write enable) input is set w^e^ 



advTFSLine 




wrtaO 



> taWrAdr 



Figure 189. Table A address generator 
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26.8.4.2 Table C Interface 

A block diagram of the table C interface is shown below in Figure 190. 



J3 



tcwe 



data In 



lastOoUnTay 



10 



wel table C 
— H (10 bits) 



tagAftSense 



advTFSUno 



dotPtosValid 




mo 



adr(Sbfts) 




AdrGen 



tabf*C 
Interface 



ttRdAdrt 
► 



t&RdAdrt) 
► 



Figure 190. Table C interface block diagram 

The address generator for table C contains a 5 bit address register odr that is set to a new address at the 

?/° r J Ub , Se 1 ? uent line). Each cycle two addresses into t&te^ arc generated 

^vsZ^LT^T 1 ** iUt ° t ^ M) - M Sh0Wn inS «*°° "9. the output «|£^L52K 
257 aS 15 ° f "* ^ " * e rad of «* takes on one of J, 



Table 139. AdrGen lookup table 
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1.X = don't care state. 



26.8.4.3 Table B interface 

The table B interface implementation generates two encoded tag data addresses (tfsi_odrO tfsi adrl) 
based on two table B input addresses {ARdAdrO, tbRdAdrl). A block diagram of table B can be ^en in 
figure 191, 



tbR dAdrO, 



tbRdAdrl t 



advTFSUnei 



read _num 



(from TPS FpM) 



dataln 1 



pcfk 



64 

-y- 



J9_ 



tfawradr 



1 



AdrGen 



tsbwe 



288-brt 
table B 
temp reg 




I adn ¥ 

. - datalru, 



3^ 



32 x 9-blts 
table subB (0) 



.jve. 



1 adn i 



32x94xts 
table subB (1) 



i adrO 



tfsLadrl 



tables 
interface 



Figure 191. Table B interface block diagram 

Table B data is initially loaded into the 288-bit table B temporary register via the TFS FSM. Once all 288- 
bit entries have been loaded from DRAM, the data is written in 9-bit chunks to the 32*9 register arrays 
based on tbwradr. 

Each timean AdvTFSLine pulse is received, the sense of which sub buffer is being read from or written to 
changes. This is accomplished by a 1-bit flag called wrtbO. Although the initial state of wrtbO is irrelevant 
it must invert upon receipt of an AdvTFSLine pulse. 

Note:- The output addresses from Table B are registered. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



23- Nov 2002 
Page 420 



SoPEC : Hardware Design 



J3 



27 Tag FIFO Unit (TFU) 



27.1 Overview 



^aJu 8 ^,? H ait S rFU) P rovides fte means by which data is transferred between the Tag Encoder (TE) 
and the HCU By abstracting the buffering mechanism and controls from both units, the interface is clean 
between the data user and the data generator. 

The TFU is a simple FIFO interface to the HCU. The Tag Encoder will provide support for arbitrary Y 

S^EfT* t0 \ 60 °J P \- X ^ tCger SCaKng of ** dot ^ is * the output of theHFO 

m the TFU. There is feedback to the TE from the TFU to allow stalling of the TE during a line The TE 
interfaces to the TFU with a data width of 8 bits. The TFU interfaces to the HCU with a data width of? bit 
The depth of the TFU FIFO is chosen as 16 bytes so that the FIFO can store a single 126 dot tag. 

27.1 .1 Interfaces between TE, TFU and HCU 



TFU 



TE 



t»_tfu_wdata 



t8_tfu_wdata ali 



tfu_te_oktowiite 
4 



te_tfu_wradv ins 



FIFO 



hcu_tfi _advdot 





.tdata . 


' tfu__hct 


.avail 

» 



HCU 



Figure 192. Interfaces between TE, TFU and HCU 

27.1.1.1 TE-TFU Interface 

The interface from the TE to the TFU comprises the following signals: 

• *e_tfu_wdata, 8-bit write data. 

• tejtfu_wdatavalid, write data valid. 

• te_tfu_wradv!ine t accompanies the last valid 8-bit write data in a line. 
The interface from the TFU to TE comprises the following signal: 

• tfi*-te_oktowrite, indicating to the TE that there is space available in the TFU FIFO. 

The TE writes data to the TFU FIFO as long as the TFU's tfujie^ohowrite output bit is set. The TE write 
win not occur unless data is accompanied by a data valid signal. 

27.1.1.2 TFU-HCU Interface 

The interface from the TFU to the HCU comprises the following signals: 

• tfujicujidata, 1-bit data. 

• tfujicu_avail. data valid signal indicating that there is data available in the TFU FIFO. 
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The interface from HCU to TFU comprises the following signal- 
• hcu_tfu_ready, indicating to the TFU to supply the next dot. 



27.1.1.2.1 X scaling 



^iv£Zi a Z%^L%^ D ^l in * e X » convert the output to 

tetefr^ WhCre ^ bC tWO SoPEC dGViceS - each * enera *-g own portion of a dot- 
WU ^STSErtfii ? ,T n0t . b ! repHcated * e totaI ^e-factor number of times by anfcdMdual 

^correct number of dots into the tag and its output will be byte -ig-SS^J^^C^ 
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27.2 Definitions of I/O 

Table 1 40. TFU Port List 



SMSmmjsammmWm^^BmWBSssssss 



Clocks and Resets 



pclk | , 


In 


SoPEC Functional dock. 


prst_n 


1 1 


In 


Global reset signal. 


PCU Interface data and control signals " ~~ " 


pcu_addrf3;2) 


2 


In 


PCU address bus. Only 2 bits are required to decode ihe 
address space far this block. 


pcu_dataout(31:0} 


32 


In 


Shared write data bus from the PCU. 


. tfu_pcu_datain(3l:0J 


32 


Out 


Read data bus from the TFU to the PCU. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_tfu_sef 


1 


In 


Block select from the PCU. When pcu_tfu_sel is high both 
pcu addr&ndpcu dataoutore valid. 


tfu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When thJ_pcu_rdy\s high it Indi- 
cates the last cycle of the access. For a write cycle this 
means pcu^dataout has been registered by the block and 
for a read cycle this means the data on tfu _pcu„datain is 
valid. 


1 k interface data and control signals ~ 


te_tfu_wdata{7:0] 


8 


In I 


Write data for TFU FIFO. j 


te_tfu_wdatavalid 


1 


In 


Wnte data valid signal. 


te_tfu_wradvtine 


1 


In 


Advance line signal strobed when the last byte in a line is 
placed on te thj wdata 


tfu_te_oktowrtte 


1 


Out 


Ready signal indicating TFU has space available in it's FIFO 
and is ready to be written to. 


HOT Interface data and control signals 


hcu_tfu_advdot ) 


1 


In 


Signal indicating to the TFU that the HCU is ready to accept 
the next dot of data from TFU. 




1 


Out 


Data from the TFU FIFO. 


tfu_hcu_avail j 


1 


Out 


Signal Indicating valid data available from TFU FIFO. 



27.3 



Configuration Registers 

Table 141, TFU Configuration Registers 




mm 



Control registers 




0x00 


Reset 


1 


1 


A write to this register causes a reset of 










the SFU. 










This register can be read to indicate the 










reset state: 










0 - reset in progress 










1 - reset not in progress. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



<m*9 Nov 2002 
Page 423 



SoPEC : Hardware Design 



Table 141. TFU Configuration Registers 




0x04 



Go 




see 
text 



Setup registers (content during processing of page) 



Writing 1 to this register starts the TFU. 
Writing 0 to this register halts the TFU. 
When Go is deasserted the state- 
machines go to their idle states but ail 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep 
their values (i.e. they don't get reset). 
The TFU must be started before the TE is 
started. 

This register can be read to determine if 

the TFU is running 

(1 = running. 0 = stopped). 



0x08 



OxOC 



XScale 



XFracScale 



0x10 



0x14 



TEByteCount 



HCUDotCount 



I Tag scale tactor in X direction. 



12 



15 



Tag scale factor in X direction for the first 
dot in a line 



The number of bytes to be accepted from 
the TE per line. Once this number of bytes 
have been received subsequent bytes are 
ignored until there is a strobe on the 
te_tfu_wradvtine 



The number of (optionally) x-scaJed dots 
per line to be supplied to the HCU Once 
this number has been reached the remain- 
derof the current FIFO byte is ignored. 



27.4 Detailed description 



is a sSe « T yteC Z nt b ? eS 1 thC FW °- A " ■*-*"»* » ««"»d «-U then, 
is a strobe on the te_tfu_wradvhne s.gnal, whereupon bytes for the next line are stored 

mon 122 Sf^USS « mD ~*r t d0te « P roduced « the output. Once this count is reached any 
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The behaviour of these signals and the control signals between the TFU and the TE and HCU is detailed 



below. 

RfoWrPtr 



te.tfu.data \2— » Ftfa ,6 J I . 1 

ht1 ° V-W V — ► tfti.heujdata 



' FifoRdPtr 

Figure 193. 16-byte FIFO in TFU 

// Concurrently Executed Code: 

// ^/ 1W t yS allowed to when there's either (a) room or (b) no room and all 

// bytes for that line have been received 

else 

tfu_te_oktowrite = 0 

" ^srsris s rsr™ is <a) in fifo and <b > the ■» *- ■« 

if (FifoCntnts !* 0) AND (BitToTx r= 0)then 

tfu_hcu_avail - 1 
else 

tfu_hcu_avail e 0 

// Output mux of FIFO data 
tfu_hcu_tdata » Fifo [FifoRdPnt J [RdBit] 

// Sequentially Executed Code: 

if iSKSSK^il rj FifoCntnt8 != pifoMax, *» < By — - •> 

FifoWrPnt «-+ 
FifoContents 
ByteToRx — 

if (te_tfu_wradvline == 1) then 
ByteToRx = TEByteCount 

if (hcu_tfu_advdot == 1 and FifoCntnts != 0) then { 
BitToTx ++ 

if (RepFrac == 1) then 
RepFrac = Xscale 
if (RdBit = 7) then 

RdBit = 0 

FifoRdPnt 

FifoContents — 
else 

RdBit* + 

else 

RepFrac-- 
if (BitToTx »= 1) then { 

RepFrac = XFracScale 

RdBit = 0 

FifoRdPnt + ♦ 

FifoContents-- 

BitToTx = HCUDotCount 

) 
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What is not detailed above is the fact that, since this is a circular buffer, both the fifo read and write-point- 

2 nJ^t Z ™ reaCh T- MS ° n0t detai,ed * fact ** **« " » change of botn 

the read and wnte-pointer in the same cycle, the fifo contents counter remains unchanged. 
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28 Halftoner Compositor Unit (HCU) 

28.1 Overview 

The Halftoner Compositor Unit (HCU) produces dots for each nozzle in the destination printhead taking 
account of the page dimensions (including margins). The spot data and tag data are received in bMevei 
form while the pixel contone data received from the CFU must be dithered to a bi-level representation The 
resultant 6 bi-level planes for each dot position on the page are then remapped to 6 output planes and out- 
(DNQ * a ^ (6 bitS> ^ ^ ^ ^ ^ priDtin8 P 1 ** 1 " 1 ^ narody the <k* d nozzle compensator 

28.2 Data flow 

Figure 194 shows a simple dot data flow high level block diagram of the HCU. The HCU reads contone 
data from the CFU, bi-level spot data from the SFU, and bi-level tag data from the TFU. Dither matrices 
are read from the DRAM via the DIU. The calculated output dot (6 bits) is read by the DNC 
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Figure 194. High level block diagram showing the HCU and its external interfaces 

The HCU is given the page dimensions (including margins), and is only started once for the page. It does 
not need to-be programmed in between bands or restarted for each band The HCU will stall appropriately 
if its input buffers are starved At the end of the page the HCU will continue to produce 0 for all dots as 
long as data is requested by the units further down the pipeline (this allows later units to conveniently flush 
pipelined data). 

The HCU performs a linear processing of dots calculating the 6-bit output of a dot in each cycle The map- 
ping of 6 calculated bits to 6 output bits for each dot allows for such example mappings as compositing of 
the sporO layer over the appropriate contone layer (typically black), the merging of CMY into KL (if K is 
present in the printhead), the splitting of K into CMY dots if there is no K in the printhead, and the gener- 
ation of a fixative output bitstream. 8 
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28.3 ORAM STORAGE REQUIREMENTS 




dSer 0 ^^ ^ 8401356 bandwidths ^quirementsfor some of the possible configurations of the 

• 4 Kbyte DRAM storage required for one 64x64 (preferred) byte dither matrix 

• 6.25 Kbyte DRAM storage required for one 80x80 byte dither matrix 

• 1 6 Kbyte DRAM storage required for four 64x64 byte dither matrices 

• 64 Kbyte DRAM storage required for one 256x256 byte dither matrix 

Note that regardless of the width of the dither matrix, 256 bytes are always read from DRAM for each line. 
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28.4 Implementation 

A block diagram of the HCU is given in Figure 195. 
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Figure 195. Block diagram of the HCU 
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28.4.1 Definition of I/O 



Table 142. HCU port list and description 




1 I In I System dock. 



prs - m I 1 I In I System reset, synchro nous active low. 

PCU Interface " 



pcu_hcu_sel 


1 


In 


Block select from the PCU. When pcu_hcu_sa! ls high both 
peu_arfr and pcu_da taout are valid. 


pcu_rwn 


1 


In 


Common read/not-wrtte signal from the PCU. 


pcu_adrf7:2j 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataout(31:0] 


32 


(n 


Shared write data bus from the PCU. 


hcu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When hcu_pcu_rdy\$ high it Indicates 
the last cycle of the access. For a write cycle this means 
pcu_dataout has been registered by the block and for a read 
cycle this means the data on hcujpcu data is valid 


hcu_pcu_data|31:0) 


32 


Out 


Read data bus to the PCU. 


DIU Interface ~ " 


hcti_diu_rreq 


1 


Out 


HCU read request, active high. A read request must be accom- 
panied by a valid read address. 


diu_hcu_rack 


1 


In 


Acknowledge from DIU, active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus, hcu_diu_radr. 


ricu_dlu_radrl21:5] 


17 


Out 


HCU read address. 1 7 bits wide (256-bit aligned word). \ 


dru_hcti_rvaJid 


1 


In 


Read data valid, active high. Indicates that valid read data is 
now on the read data bus, diu__data. 


diu_data{63:0] 


64 


In 


Read data from DIU. 


CFU interface ■ ■ 


cfu_hcu_avail j 


1 


In 


Indicates valid data present on cfu hcu c(3-0]data lines. 


cfu_hcu_cOdataf7:0) 


8 


In 


Pixel of data in contone plane 0. 


cfu_hcu_c1data(7:0] 


8 


In 


Pixel of data in contone plane 1. 


cfu_hcu_c2data[7:0] 


8 


In 


Pixel of data in contone plane 2. 


cfu_hcu_c3data(7:0] 


8 


In 


Pixel of data in contone plane 3. j 


hcu_cfu_advdot 


1 


Out 


Informs the CFU that the HCU has captured the pixel data on 
cfu_hcu_cf3-0]data lines and the CFXJ can now place the next 
pixel on the data lines. 


SFU Interface ~" 


sfu_hcu_avail 


1 


In 


Indicates valid data present on sfu_hcu_sdata. 


sfu_hcu_sdata 


1 


In 


fiHevei dot data. 


hcu_sfu_advdot 


1 


Out 


Informs the SFU that the HCU has captured the dot data on 
sfu_hcu_sdata and the SFU can now place the next dot on the 
data line. 


TFU Interface — 


tfu_bcu_avaff 


1 


In 


Indicates valid data present on tfu_hcu_tdata. 


tfu_hcu_tdata 


1 


In 


Tag dot data. 
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Table 142. HCU port list and description 











hcu_tfu_advoot 


i 


Out 


informs the TFU that the HCU has captured the dot data on 
tfu_hcu_tcfata and the TFU can now place the next dot on the 
data line. 


DNC interface 


dnc_hcu_ready 


1 


In 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc_avail 


1 


Out 


InoScates valid data present on hcu_dnc_data. 


hcu_dnc_data[5:0] 


6 


Out 


Output bi-leveJ dot data In 6 ink planes. 



28.4.2 Configuration Registers 

The configuration registers in the HCU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
HCU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
HCU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of hcu_pcu_data. The configuration registers of the HCU are listed in Table 143. 



Table 143. HCU Registers 











Control reglstei 


rs 


0x00 


Reset 


1 


Oxl 


A write to this register causes a reset of the HCU. 


0x04 


Go 


i 


0x0 


Writing 1 to this register starts the HCU. Writing 0 to 
this register halts the HCU. 
When Go is asserted ail counters, flags etc. are 
cleared or given their initial value, but configuration 
registers keep their values. 

When Go Is deasserted the state-machines go to their 
idle states but all counters and configuration registers 
keep their values. 

Th© HCU should be started after the CRJ, SFU, TFU, 
and DNC. 

This register can be read to determine if the HCU is 
running 

(1 ss running, 0 - stopped). 


Setup registers 


(constant for during processing) 


0x10 


AvailMask 


4 


0x0 


Mask used to determine which of the dotgen units etc. 
are to be checked before a dot is generated by the 
HCU wHhin the specified margins for the specified 
color plane. If the specified dotgen unit is stalled, then 
the HCU will also stall. 

See Table 144 for bit allocation and definition. 


0x14 


TMMask 


4 


OxO 


Same as AvailMask, but used In the top margin area 
before the appropriate target page is reached. 


0x18 


PageMarginY 


32 


0x0000_ 
0000 


The first line considered to be off the page. 


OxIC 


Max Dot 


16 


0x0000 


This is the maximum dot number - 1 present across a 
page. For example if a page contains 13824 dots, 
then MaxDot will be 13823. 
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Table 143. HCU Registers 











0x20 


TopMargin 


32 


0x0000_ 
0000 


The first line on a page to be considered within the 
«uyci page tor conione ana spot aaxa. [y a tirst 
printed line of page) 


0x24 


BottomMargin 


32 


wawvVW . 

0000 


i ne iirsi una in tne target Bottom margin for contone 
and spot data (i.e. first tine after target page). 


0x28 


LeftMargin 


16 




i ne nrsi oot on a une within the target page for con- 
tone and spot data. 


0x2C 


RightMargin 


16 


vXrrrp 


The first dot on a line within the target right margin for 
contone and spot data. 


0x30 


TagTopMargin 


32 


0x0000_ 
0000 


The first line on a page to be considered within the 
target page for tag data. (0 = first printed line of page) 


uw» 


i agoouorn Margin 


32 


0x0000_ 
0000 


The first Dne in the target bottom margin for tag data 
(i.e. first One after target page). 


0x38 


Tag LeftMargin 


16 


0x0000 


The first dot on a Une within the target page for tag 
data. 


0x3C 


TagRightMargln 


16 


OxFFFF 


The first dot on a line within the target right margin for 
tag data. 


0x40 


DMReadEnabte 


1 


0x0 


1 if a dither matrix is specified 
0 if a dither matrix is not specified. 


0x44 


StartDMAdr 


17 


oooo 


™nts to tne tirst 255-oit word of the first line of the 
dither matrix in DRAM. 


0x46 


EndDMAdr 


17 


0x0_ 
0000 


Points to the last 256-bit word of the last fine of the 
dither matrix in DRAM. 


0x4C 




5 


0x2 


The number of 256-bit words In ORAM from the start 
of one fine of the dither matrix and the start of the next 
fine, i.e. the value by which the DRAM address is i 
incremented at tne start of a line so that it points to the 
start of the next line of the dither matrix. 


0x50 


DMIrutlndexCO 


8 


0x00 


Initial index within 256-byte dither matrix fine buffer for 
contone plane 0. if using doubie-buffer scheme, only 
the 7 Isbs are used. 


0x54 


DMLwrtndexCO 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 0. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x58 


DMUprtndexCO 


8 | 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 0. After reading the data at this 
location the index wraps to DMLwrtndexCO. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x5C 


DMfnitlndexCI 


8 


0x00 


Initial index within 256-byte dither matrix Une buffer for 
contone plane 1 . If using doubie-buffer scheme, only 
the 7 Isbs are used. 


0x60 


DMLwrindexCI 


8 


0x00 


Lower index within 256-byte dither matrix fine buffer 
for contone plane 1 . If using double-buffer scheme, 
on ty the 7 Isbs are used. 


0x64 


DMUprlndexCI 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 1 . After reading the data at this 
location the index wraps to DMLwrindexCI. If using 
double-buffer scheme, only the 7 Isbs are used. 
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Table 143. HCU Registers 





Iflfl 


tn 






0x68 


DMInitlndexC2 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 2. If using double-buffer scheme, only 
the 7 Isbs are used. 




OMLwiindexC2 


8 


0x00 


Lower Index within 256-byte dither matrix line buffer 
for contone plane 2. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x70 


DMUprlndexC2 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 2. After reading the data at this 
location the Index wraps to DMLwrlndexC2. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x74 


OMInItlndexC3 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 3. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x78 . 


DMLwrlndexC3 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 3, If using double-buffer scheme, 
only the 7 Isbs are used. 


0x7C 


DMUprindexC3 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 3. After reading the data at this 
location the index wraps to DMLwrtndexC3. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x80 


DoubieLine8uf 


1 


0x1 


Selects the dither tine buffer mode to be single or dou- 
ble buffer. 


0x84 to 0x98 


lOMappingLo 


6x32 


0x0000.. 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingLo repre- 
sents the low order 32 bits. 


0x9C to OxBO 


lOMappingHi 


6x32 


0x0000_ 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingHi represents 
the high order 32 bits. 


0xB4 to OxCO 


cpConstant 


4x8 


0x00 


The constant contone value to output for contone 
plane N when printing in the margin areas of the page. 
This value will typically be 0. 


0xC4 


sConstant 


1 


0x0 


The constant bMevel value to output for spot when 
printing in Ihe margin areas of the page. This value 
wtlf typically be 0. 


0xC8 


tConstant 


1 


0x0 


The constant bMeveJ value to output for tag data when 
printing in the margin areas of the page. This value 
wflj typically be 0. 


OxCC 


DitherConstant 


8 


OxFF 


The constant value to use for dither matrix when the 
dither matrix is not available, i.e. when the signal 
dm_avaU is 0. This value wiU typically be OxFF so that 
cpConstant can easily be 0x00 or OxFF without requir- 
ing a dither matrix (DitherConstant is primarily used 
for threshold dithering in the margin areas). 


Debug registers (read only) 
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Table 143. HCU Registers 







m 


m 




OxOO 


Hcu Ports Debug 


14 


N/A 


Bit 1 ^ — rf// ho/ avaii 

Bit 1 2 « hcu_tfu_advdot 
Bfl 1 1 = sfu_hcu_avail 
Bit 10 = hcu_sfu_advdot 
Bit 9 = cfu_hcu_avait 

Bit 8 = hcu_cfu_advdot \ 
Bit 7 = dnc_hcu_ready \ 
Bit 6 xs hcu_dnc_avail 
Bits 5-0 = hcu_dnc_data 


0x04 


Hcu Dot gen Debug 


15 


N/A 


BN 14 = after_top_maigin 
Bit 13 = //t_ tag_target_page 
Bit 12 = in_targetpage 
Bit 11 « tp_avatt 
Bit 10 = s_avail 
Bit 9 = cp_avail 
Bit 6 = dm_avail 
Bitl^advdot 

Bits 5-0 = [$>,S t cp3.qp£cpf,cp<q 

(i.e. 6 bit input to dot reorg units) 


OxD8 


HcuDitherOebugl 


17 


N/A 


Bit 9 s advdot 

Bit 6 = dm^avai! 

Bit 15-8 = cp 1jdither_vaJ 

Bits 7-0 = cpO_dither_val 


OxDC 


HcuOitherDebug2 


17 


N/A 


Bit 9 = aoVdbf 

Bit 8 b dm^avail 

Bit 1 5-8 = cp3_drther_vaj 

Bits 7-0 = cp2_dither_vall 



28.4.3 Control unit 

The control unit is responsible for controlling the overall flow of the HCU. It is responsible for determin- 
ing whether or not a dot will be generated in a given cycle, and what dot will actually be generated - 
including whether or not the dot is in a margin area, and what dither cell values should be used at the spe- 
| cific dot location. A block diagram of the control unit is shown in Figure 196. 

The inputs to the control unit are a number of avail flags specifying whether or not a given dotgen unit is 
capable of supplying 'real' data in this cycle. The term 'real* refers to data generated from external 
sources, such as contone line buffers, bi-level line buffers, and tag plane buffers. Each dotgen unit informs 
the control unit whether or not a dot can be generated this cycle from real data It must also check that the 
DNC is ready to receive data. 

The contone/spot margin unit is responsible for determining whether the current dot coordinate is within 
the target contone/spot margins, and the tag margin unit is responsible for determining whether the current 
dot coordinate is within the target tag margins. 

The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit 
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ok to r eadiok to write 
cp_avail, s.av frn, tp_avaf1 
avalLmaskj 



rd kdvdot, wr_advdot 



<► hcu_dnc_avaif 
dnc_hcu_ready 



irutarget_pa^6 



in_page + 



ln_taQ_targetjpaga 




hcu_diu_rreq 
diu_hcu_rack 
► rtcu_diu_radr 
diU_hcu_rvalid 
dki_data 



I | 

& i 



s § 3 ^ w I ^ i 1,1, i i 

i i* f j si aa 



Figure 196. Block diagram of the control unit 



28.4.3.1 Determine AdvDot 



The HCU does not always require contone planes, bi-level or tag planes in order to produce a page. For 
example, a given page may not have a bi-level layer/or a tag layer. In addition, the contone and bi-level 
parts of a page are only required within the contone and bi-level page margins, and the tag part of a page is 
only required within the tag page margins. Thus output dots can be generated without contone, bi-level or 
tag data before the respective top margins of a page has been reached, and Os are generated for all color 
planes after the end of the page has been reached (to allow later stages of the printing pipeline to flush). 

Consequently the HCU has an AvailMask register that determines which of the various input avail flags 
should be taken notice of during the production of a page from the first line of the target page, and a 
TMMask register that has the same behaviour, but is used in the lines before the target page has been 
reached (i.e. inside the target top margin area). Each bit in the AvailMask refers to a particular avail bit: if 
the bit in the AvailMask register is set, then the corresponding avail bit must be l for the HCU to advance 
a dot. The bit to avail correspondence is shown in Table 144. Care should be taken with TMMask - if the 
particular data is not available after the top margin has been reached, then the HCU will stall. Note that the 
avail bits for contone and spot colors are ANDed with injtarget^page after the target page area has been 
reached to allow dot production in the contone/spot margin areas without needing any data in the CFU and 
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SFU. The avail bit for tag color is ANDed with injtagjtarget^page after the target tag page area has been 
reached to allow dot production in the tag margin areas without needing any data in the TFU. 



Table 144. Correspondence between bit In AvailMask and avail flag 







0 


dm_avaU 


dither matrix data available 


1 


cp_avall 


contone pixels available 


2 


s_avafl 


spot color available 


3 


tp_avail 


tag plane available 



Each of the input avail bits is processed with its appropriate mask bit and the after jtop_margin flag. The 
output bits are ANDed together along with Go and ok_tojwrite (which specifies whether the output buffer 
is ready to receive a dot in this cycle) to form the output bit advdot. We also generate wr_advdot. In this 
way, if the output buffer is full or any of the specified avail flags is clear, the HCU will stall. When the end 
of the page is reached, in_page will be deasserted and the HCU will continue to produce 0 for all dots as 
| long as the DNC requests data. A block diagram of the determine advdot unit is shown in Figure 197. 

The okjio_read signal from the output buffer indicates that the HCU has a dot available for the DNC to 
read (indicated to the DNC by the assertion of hcujinc_avail). If the DNC is ready to receive the dot 
(dncjicu_ready is 1) then the dot is read from the output buffer by asserting rd_advdot. 
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IrutargeLpage 

tm_mask[0] 
avaiLmask(0] 
dmAvaB 

aft8r_top_margin 

tm_mask(1] 
avaiLrnaskH) 
fri_targeCpage 
cp.avall 

s_avaU 



tm_maskf2] 
avail_mask[2] 

after_tao_top_margln 

tm_masJ<3J 

ava(!_mask(3] 
l«_tagjarget_page 
tp_avaa 
oK_to_ write 
in_page 



Go 

ok_to_read 



dnc_hcu_ J ready 




28.4.3.2 Position unit 



+ advdot 



.advdot 



hctL.dnc_avaU 
■► rd.advdot 



Figure 197. Block diagram of determine advdot unit 



The position unit is responsible for outputting the position of the current dot (curr _pos, currjine) and 
whether or not this dot is the last dot of a line (advline). Both curr _j>os and currjine are set to 0 at reset or 
when Go transitions from 0 to 1 . The position unit relies on the advdot input signal to advance through the 
dots on a page. Whenever an advdot pulse is received, curr _pos gets incremented If curr _pos equals 
max_dot then an advline pulse is generated as this is the last dot in a line, currjine gets incremented, and 
the curr^pos is reset to 0 to start counting the dots for the next line. 



28.4.3.3 Margin unit 



The responsibility of the margin unit is to determine whether the specific dot coordinate is within the page 
at all, within the target page or in a margin area (see Figure 1 98). This unit is instantiated for both the con- 
tone/spot margin unit and the tag margin unit. 
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— target page 



- printable page area 
(physical page) 



target bottom margin 

Figure 198. Page structure 



The margin unit takes the current dot and line position, and returns three flags. 

• the first, in-page is I if the current dot is within the page, and 0 if it is outside the page. 

• the second flag, in_target_page t is 1 if the dot coordinate is within the target page area of the page, and 
0 if it is within the target top/left/bottom/right margins. 

• the third flag, after_top_rriargin, { s \ if the current dot is below the target top margin, and 0 if it is 
within the target top margin. 

A block diagram of the margin unit is shown in Figure 199. 



top_margln 



bottom_rnargin- 



page_margin_y 



currJJne 



curr_pos 




In-page in_targeCpage after_top_margtn 
Figure 199. Block diagram of margin unit 



rtght_marg in 



Jeft^margln 
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28.4.3.4 Dither matrix table interface 

The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit. The control flag dm_reod_enoble 
enables the reading of the dither matrix table line structure from DRAM. If dm_read_enable is 0, the 
dither matrix is not specified in DRAM and no DRAM accesses are attempted The dither matrix table 
interface has an output flag dmjxvail which specifies if the current line of the specified matrix is available. 
The HCU can be directed to stall when dmjavail is 0 by setting the appropriate bit in the HCU's Avail- 
Mask or TMMask registers. When dm_avail is 0 the value in the DitherConstant register is used as the 
dither cell values that are output to the contone dotgen unit. 

The dither matrix table interface consists of a state machine that interfaces to the DRAM interface, a dither 
matrix buffer that provides dither matrix values, and a unit to generate the addresses for reading the buffer. 
Figure 200 shows a block diagram of the dither matrix table interface. 



DIU 



dither matrix table Interface 



advlrne 

advdot 
dmJniUndex_c[0-3| 
dmJwrJndex -J cfO-3] 
dm_t*JrJnde*jc{0-3) 
OoubteUneBuf 

dm_avafl«4 









4- 








• start_dm_adr 
end_dm_adr 
Bnejncrement 

• dm_read_enatrie 



■ dfther_constant 



cpO_drther_val cp1_dithef_val cp2_dither_val cp3_dlther_val 



Figure 200. Block diagram of dither matrix table interface 

28.4.3.4.1 Dither matrix buffer 

The state machine loads dither matrix table data a line at a time from DRAM and stores it in a buffer. A 
single line of the dither matrix is either 256 or 128 8-bit entries, depending on the programmable bit Dou- 
bleLineBuf. If this bit is enabled, a double-buffer mechanism is employed such that while one buffer is 
read from for the current line's dither matrix data (8 bits representing a single dither matrix entry), the 
other buffer is being written to with the next line's dither matrix data (64-bits at a time). Alternatively, the 
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single buffer scheme can be used, where the data must be loaded at the end of the line, thus incurring a 
delay. 

The single/double buffer is implemented using a 256 byte 3-port register array, two reads, one write port, 
with the reads clocked at double the system clock rate (320MHz) allowing 4 reads per clock cycle. 

The dither matrix buffer unit also provides the mechanism for keeping track of the current read and write 
buffers, and providing the mechanism such that a buffer cannot be read from until it has been written to. In 
this case, each buffer is a line of the dither matrix, i.e. 256 or 128 bytes. 

A bit is kept for the status of each dither matrix line buffer: buff_avail[OJ and buff_availfJJ. It also keeps a 
single bit {rdjmff) for the current buffer that reads are to occur from, and a single bit (wrjbuff) for the cur- 
rent buffer that writes are to occur to. The output value dm__avail equals buff_avail[rdjbuff]. The output 
value ok_to_write equals buff_avail[wrjbujff]. Note that when using a single line buffer, buff_avail[l] is 
not used 

The read addresses are byte aligned. A single dither matrix entry is represented by 8 bits and an entry is 
read for each of the four contone planes in parallel. When a advline pulse is received, buff_avail [rdjmff] 
is cleared, and rdjmff \s inverted (if using a double line buffer). 

Data is written, 64 bits at a time to the current write buffer when diujtcu_rvalid is asserted. When WrAdr 
is 0x1 F and diujicu_rvalid is 1, buff_avail[wrjbuff] is set, and wrjmff is inverted (if using a double line 
buffer). This indicates that a line of dither matrix has been written to the current write buffer and it is now 
available to be read 

28.4.3.4.2 Read address generator 

For each contone plane there is a initial, lower and upper index to be used when reading dither cell values 
from the dither matrix double buffer. The read address for each plane is used to select a byte from the cur- 
rent 256-byte read buffer. When Go gets set (0 to I transition), or at the end of a line, the read addresses 
are set to their corresponding initial index. Otherwise, the read address generator relies on advdot to 
advance the addresses within the inclusive range specified the lower and upper indices, represented by the 
following pseudocode: 

if (advdot »» 1) then 

if (advline « 1) then 

rd_adr = dm__init_index 
els if (r<3L_«dr == dn\_upr_index ) then 

rd_adr = dm_lwr_ index 
else 

rd_jstdr 

else 

rd^adr - rd_adr 

28.4.3.4.3 State machine 

The dither matrix is read from DRAM in single 256-bit accesses, receiving the data from the DIU over 4 
clock cycles (64-bits per cycle).The protocol and timing for read accesses to DRAM is described in sec- 
tion 20.9.1 on page 208. Read accesses to DRAM are implemented by means of the state machine 
described in Figure 20 1 . 

All counters and flags should be cleared after reset or when Go transitions from 0 to 1 . While the Go bit is 
1 . the state machine relies on the dm_read_enable bit to tell it whether to attempt to read dither matrix data 
from DRAM. When dm^readjenable is clear, the state machine does nothing and remains in the idle state. 
When dm_read_enable is set, the state machine continues to load dither matrix data, 256-bits at a time 
(received over 4 clock cycles, 64 bits per cycle), while there is space available in the dither matrix buffer. 
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The read address and line_start_adr are initially set to start_dm_adr. The read address gets incremented 
after each read access. It takes 4 or 8 read accesses to load a line of dither matrix into the dither matrix 
buffer, depending on whether we're using a single or double buffer. A count is kept of the accesses to 
DRAM. When a read access completes and access jcount equals 3 or 7, a line of dither matrix has just 
been loaded from and the read address is updated to (line jstart_adr plus linejncrement so it points to the 
start of the next line of dither matrix, {line _start_adr is also updated to this value). If the read address 
equals end_dm_adr then the next read address will be start_dm_adr, thus the read address wraps to point 
to the start of the area in DRAM where the dither matrix is stored. 

The write address for the dither matrix buffer is implemented by means of a modulo-32 counter that is ini- 
tially set to 0 and incremented when diujicu_rvalid is asserted. 
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Resfftpflpffit n~?Q 

hcu_dJu_rreq o 0 
hcu_dlu_fadr * 0 
access.oourrt » 0 
wr_adr » 0 

C re ** ) 



hcu_diu_rreq = 



hcu_d[u_radr « hcu_diu radr 
access.count = accessjeount 
wr_adr = wr_adr 



< 



idle 



dhj hcu rvaHd«=rt A^f> 



access count ^3/7 amh 



hcu Oni radrttend dm »Hr 
hcu. J * 



j_dlu_rreqod 
hcu_dlu_radr = Sne_start_adr 

llnejncrement 
fine_etart_adr - lin«_starL_adf + 
flnejncrement 
access_court ■ 0 
wr_adr ++ 



3 



dm read flnabia^i 

ncu_dju_rreq « 0 
hcu_diu_radr « stan_dm_adr 
line_start_adr = atart_dm_adr 
aocass_cotinl « 0 
wr_adr = 0 



req 



c 



> 



ok to write 



hcu_dlu_rreq a 1 
hcu_dJu_radr = 0 
access_count = acces $ _count 
wr_adr = wr_adr 



ack 



HiU h"> rv ^Bd= 1 AND 



c 



rfiu hcu rat* «?J 
hcu_dJu_freq ■ 0 
hcu_dfu_radr c hcu_dlu_radr 
access^count « access_couni 
wr_adr » wr_adr 



readl 



access mttnt fa 3A7 ANr> 



hcu diu radr fa «nd rim »rft 



hcu_dlu_rreq «= 0 
ncu_dlu_radr c. hcu_diu_radr * 1 
access_count 



C 



diu hcu fVflHri ^ J 
hcu_dJu_rreq B o 
hcu_diu_radr a hcu_dlu_radr 
accGss.count <= access_count 
wr_adr 



rcad2 



c 



jflu hcu fyafid 1 

hcu_diu_rreq = 0 
hcu_diu_radr = heu_diu_radr 
access_count = access jDOurrt 
wr_adr-M- 



read3 



diu hcu rvnlfd ~° 1 
hcu_diu_rraq a 0 
hcu_diu_radr « hcu_diu_radr 
access_count « access.count 
wr_adr++ 



read4 ^- 



hcu_diu_roeq « 0 
hcu_diu_radr « start_dm_adr 
lina_start_adr = start_dm_«dr 
access_count = 0 
wr_adr 



Figure 201. State machine to read dither matrix table 
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28.4.4 Contone dotgen unit 



The contone dotgen unit is responsible for producing a dot in up to 4 color planes per cycle. The contone 
dotgen unit also produces a cpjavail flag which specifies whether or not contone pixels are currently avail- 
able, and the output hcu_cfu_advdot to request the CFU to provide the next contone pixel in up to 4 color 
planes. 

The block diagram for the contone dotgen unit is shown in Figure 202. 
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c 
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S 
o 



hcu_cfu_advdot 
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cfu_hcu_c1data 
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dither unit 0 



cp1_oonstant 8 
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dither unit 1 
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dither unit 2 
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- tn_target_page 



>• cpOdot 
- cpO_<fiher_val 



cpi dot 
- cp1_cfither_val 
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- cp2_<fither_val 
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cp(0-3l_cortstant 



>■ Cp_avaH 



Figure 202. Contone dotgen unit 

A dither unit provides the functionality for dithering a single contone plane. The contone image is only 
defined within the contone/spot margin area. As a result, if the input flag injtarget _j?age is 0, then a con- 
stant contone pixel value is used for the pixel instead of the contone plane. 



The resultant contone pixel is then halftoned. The dither value to be used in the halftoning process is pro- 
vided by the control data unit The halftoning process involves a comparison between a pixel value and its 
corresponding dither value. If the 8-bit contone value is greater than or equal to the 8-bit dither matrix 
value a 1 is output. If not, then a 0 is output This means each entry in the dither matrix is in the range 1- 
255 (0 is not used). 
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28.4.5 Spot dotgen unit 

The spot dotgen unit is responsible for producing a dot of bi-level data per cycle. It deals with bi-level data 
(and therefore does not need to halftone) that comes from the LBD via the SFU. Like the contone layer, 
the bi-level spot layer is only defined within the contone/spot margin area. As a result, if input flag 
in_tar%et_page is 0, then a constant dot value (typically this would be 0) is used for the output dot. 

The spot dotgen unit also produces a s_avail flag which specifies whether or not spot dots are currently 
available for this spot plane, and the output hcu_$fu_advdot to request the SFU to provide the next bi-level 
data value. The spot dotgen unit can be represented by the following pseudocode: 

s_avail ■ sfu_hcu_avail 

if ( in_target_page == 1 AND advdot == 1) then 

hcu_sfu_advdot = 1 
else 

hcu_sfu_advdot = 0 

if < in_target_page 1) then 

sp = sfu_hcu_sdata 
else 

sp * sp_eonstant 

28.4.6 Tag dotgen unit 

This unit is very similar to the spot dotgen unit (see Section 28.4.5) in that it deals with bi-level data, in 
this case from the TE via the TFU. The tag layer is only defined within the tag margin area. As a result, if 
input flag in_tag_target_page is 0, then a constant dot value, tpjzonstant (typically this would be 0), is 
used for the output dot The tagplane dotgen unit also produces a tp_avail flag which specifies whether or 
not tag dots are currently available for the tagplane, and the output hcujfu_ad»dot to request the TFU to 
provide the next bi-level data value. 

Dot reorg unit 

The dot reorg unit provides a means of mapping the bi-level dithered data, the spotO color, and the tag data 
to output inks in the actual printhead. Each dot reorg unit takes a set of 6 1-bit inputs and produces a single 
bit output that represents the output dot for that color plane. 

The output bit is a logical combination of any or all of the input bits. This allows the spot color to be 
placed in any output color plane (including infrared for testing purposes), black to be merged into cyan, 
magenta and yellow (in the case of no black ink in the Memjet printhead), and tag dot data to be placed in 
a visible plane. An output for fixative can readily be generated by simply combining desired input bits. 

The dot reorg unit contains a 64-bit lookup to allow complete freedom with regards to mapping. Since all 
possible combinations of input bits are accounted for in the 64 bit lookup, a given dot reorg unit can take 
the mapping of other reorg units into account. For example, a black plane reorg unit may produce a I only 
if the contone plane 3 or spot color inputs are set (this effectively composites black bi-level over the con- 
tone). A fixative reorg unit may generate a 1 if any 2 of the output color planes is set (taking into account 
the mappings produced by the other reorg units). 

If dead nozzle replacement is to be used (see section 29.4.2 on page 448), the dot reorg can be pro- 
grammed to direct the dots of the specified color into the main plane, and 0 into the other. If a nozzle is 
then marked as dead in the DNC, swapping the bits between the planes will result in 0 in the dead nozzle, 
and the required data in the other plane. 

If dead nozzle replacement is to be used, and there are no tags, the TE can be programmed with the posi- 
tion of dead nozzles and the resultant pattern used to direct dots into the specified nozzle row. If only fixed 



28,4.7 



I 
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background TFS is to be used, a limited number of nozzles can be replaced If variable tag data is to be 
used to specify dead nozzles, then large numbers of dead nozzles can be readily compensated for. 
The dot reorg unit can be used to average out the nozzle usage when two rows of nozzles share the same 
ink and tag encoding is not being used The TE can be programmed to produce a regular pattern (e.g. 0101 
on one line, and 1 0 1 0 on the next) and this pattern can be used as a directive as to direct dots into the spec- 
ified nozzle row. 

Each reorg unit contains a 64-bit lOMapping value programmable as two 32-bit HCU registers, and a set 
of selection logic based on the 6-bit dot input (2 6 «= 64 bits), as shown in Figure 203. 

t r — — — — — — — — — — — 

Input dot 




Figure 203. Block diagram of dot reorg unit 

The mapping of input bits to each of the 6 selection bits is as defined in Table 145. 
Table 145. Mapping of input bits to 6 selection bits 







0 


bi-level dot from contone layer 0 


cyan 


1 


bi-level dot from contone layer 1 


magenta 


2 


bMevel dot from contone layer 2 


ye flow 


3 


bWevel dot from contone layer 3 


black 


4 


bWevel spotO dot 


black 


5 I 


bi-level tag dot 


infra-red 
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29 Dead Nozzle Compensator (DNC) 

29.1 Overview 

The Dead Nozzle Compensator (DNC) is responsible for adjusting Memjet dot data to take account of 
non-functioning nozzles in the Memjet printhead. Input dot data is supplied from the HCU, and the cor- 
rected dot data is passed out to the DWU. The high level data path is shown by the block diagram in Figure 



ORAM 



Dead Nozzle 
Data 













HCU 


raw dot . 


ONC 


compensated. 


OWU 


data w 


dot p 



Figure 204. High level block diagram of DNC 



The DNC compensates for a dead nozzles by performing the following operations: 

• Dead nozzle removal, i.e, turn the nozzle off 

• Ink replacement by direct substitution i.e. K -> K 

• Ink replacement by indirect substitution i.e. K -> CMY 

• Error diffusion to adjacent nozzles 

• Fixative corrections 

The DNC is required to efficiently support up to 5% dead nozzles, under the expected DRAM bandwidth 
allocation, with no restriction on where dead nozzles are located and handle any fixative correction due to 
nozzle compensations. Performance must degrade gracefully after 5% dead nozzles. 

29.2 Dead nozzle identification 

Dead nozzles are identified by means of a position value and a mask value. Position information is repre- 
sented by a 10-bit delta encoded format, where the 10-bit value defines the number of dots between dead 
nozzle columns 1 . With the delta information it also reads the 6-bit dead nozzle mask {dn_mask) for the 
defined dead nozzle position. Each bit in the dn_mask corresponds to an ink plane. A set bit indicates that 
the nozzle for the corresponding ink plane is dead. The dead nozzle table format is shown in Figure 205. 
The DNC reads dead nozzle information from DRAM in single 256-bit accesses. A 10-bit delta encoding 
scheme is chosen so that each table entry is 16 bits wide, and 16 entries fit exactly in each 256-bit read. 
Using 10-bit delta encoding means that the maximum distance between dead nozzle columns is 1023 dots. 
It is possible that dead nozzles may be spaced further than 1 023 dots from each other, so a null dead nozzle 
identifier is required. A null dead nozzle identifier is defined as a 6-bit dn_mask of all zeros. These null 
dead nozzle identifiers should also be used so that: 

• the dead nozzle table is a multiple of 1 6 entries (so that it is aligned to the 256-bit DRAM locations) 



1. for a 1 0-bit delta value of d. if the current column n is a dead nozzle column then the next dead nozzle column is given by n + (d + 1). 
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• the dead nozzle table spans the complete length of the line, i.e. the first entry dead nozzle table should 
have a delta from the first nozzle column in a line and the last entry in the dead nozzle table should cor- 
respond to the last nozzle column in a line. 

Note that the DNC deals with the width of a page. This may or may not be the same as the width of the 
printhead (the PHI may introduce some margining to the page so that its dot output matches the width of 
the printhead). Care must be taken when programming the dead nozzle table so that dead nozzle positions 
are correctly specified with respect to the page and printhead. 



16 bits wide 



N dead nozzle 
columns 




Table Entry Structure 

r 



10-bit Dofta Encode 



6-bit OnMask 



bits 15-6 



bits 5-0 



Figure 205. Dead nozzle table format 



29.3 DRAM STORAGE AND BANDWIDTH REQUIREMENT 

The memory required is largely a factor of the number of dead nozzles present in the printhead (which in 
turn is a factor of the printhead size). The DNC is required to read a 1 6-bit entry from the dead nozzle table 
for every dead nozzle. Table 146 shows the DRAM storage and average 1 bandwidth requirements for the 
DNC for different percentages of dead nozzles and different page sizes. 



Table 146. Dead Nozzle storage and average bandwidth requirements 











Jje-tajjel 




















Memory 
(KBytes) 


Bandwidth 
(bits/cycle) 


A4 a 


5% 


1.4 C 


0.3 d 




10% 


2.7 


1.6 




15% 


4.1 


2.4 


A3 b 


5% 


1.9 


0.6 




10% 


3.8 


1.6 




15% 


5.7 


2.4 



a. Bi-lithic printhead has 13824 nozzles per color providing full bleed printing for A4/Letter 

b. Bi-lithic printhead has 19488 nozzles per color providing full bleed printing for A3 



I. Average bandwidth assumes an even spread of dead nozzles. Clumps of dead nozzles may cause delays due to insufficient available 
DRAM bandwidth. These delays will occur every line causing an accumulative delay over a page. 
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c. 16 bits x 13824 nozzles x 0.05 dead 

d. (16 bits read / 20 cycles) = 0.8 bits/cycle 

29.4 Nozzle compensation 

DNC receives 6 bits of dot information every cycle from the HCU, 1 bit per color plane. When the dot 
position corresponds to a dead nozzle column, the associated 6-bit dn_mask indicates which ink plane(s) 
contains a dead nozzle(s). The DNC first deletes dots destined for the dead nozzle. It then replaces those 
dead dots, either by placing the data destined for the dead nozzle into an adjacent ink plane (direct substi- 
tution) or into a number of ink planes (indirect substitution). AfteT ink replacement, if a dead nozzle is 
made active again then the DNC performs error diffusion. Finally, following the dead nozzle compensa- 
tion mechanisms the fixative, if present, may need to be adjusted due to new nozzles being activated, or 
dead nozzles being removed. 

29.4.1 Dead nozzle removal 

If a nozzle is defined as dead, then the first action for the DNC is to turn off (zeroing) the dot data destined 
for that nozzle. This is done by a bit- wise ANDing of the inverse of the dn_mask with the dot value. 

29.4.2 Ink replacement 

Ink replacement is a mechanism where data destined for the dead nozzle is placed into an adjacent ink 
plane of the same color (direct substitution, i.e. K -> K^tcrnaxive)* or placed into a number of ink planes, the 
combination of which produces the desired color (indirect substitution, i.e. K -> CMY). Ink replacement is 
performed by filtering out ink belonging to nozzles that are dead and then adding back in an appropriately 
calculated pattern. This two step process allows the optional re-inclusion of the ink data into the original 
dead nozzle position to be subsequently error diffused. In the general case, fixative data destined for a dead 
nozzle should not be left active intending it to be later diffused. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. The output 
of the ink replacement logic is ORed with the resultant dot after dead nozzle removal. See Figure 210 on 
page 459 for implementation details. 

For example if we consider the printhead color configuration C,M, Y,Ki,K 2 JR and the input dot data from 
the HCU is blOl 100. Assuming that the Kj ink plane and IR ink plane for this position are dead so the 
dead nozzle mask is bOOOlOl. The DNC first removes the dead nozzle by zeroing the K a plane to produce 
b 101000, Then the dead nozzle mask is ANDed with the dot data to give bOOOlOO which selects the ink 
replacement pattern for (in this case the ink replacement pattern for K l is configured as bOOOOlO, i.e. 
ink replacement into the K 2 plane). Providing error diffusion for J£ 2 is enabled, the output from the ink 
replacement process is bOOOOlO. This is ORed with the output of dead nozzle removal to produce the 
resultant dot blOlOlO. As can be seen the dot data in the defective K x nozzle was removed and replaced by 
a dot in the adjacent K 2 nozzle in the same dot position, i.e. direct substitution. 

In the example above the K Y ink plane could be compensated for by indirect substitution, in which case ink 
replacement pattern for K, would be configured as bl 1 1000 (substitution into the CMY color planes), and 
this is ORed with the output of dead nozzle removal to produce the resultant dot bl 1 1000. Here the dot 
data in the defective K { ink plane was removed and placed into the CMY ink planes. 
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29.4.3 Error diffusion 

Based on the programming of the lookup table the dead nozzle may be left active after ink replacement. In 
such cases the DNC can compensate using error diffusion. Error diffusion is a mechanism where dead noz- 
zle dot data is diffused to adjacent dots. 

When a dot is active and its destined nozzle is dead, the DNC will attempt to place the data into an adja- 
cent dot position, if one is inactive. If both dots are inactive then the choice is arbitrary, and is determined 
by a pseudo random bit generator. If both neighbor dots are already active then the bit cannot be compen- 
sated by diffusion. 

Since the DNC needs to look at neighboring dots to determine where to place the new bit (if required), the 
DNC works on a set of 3 dots at a time. For any given set of 3 dots, the first dot received from the HCU is 
referred to as dot A, and the second as dot B, and the third as dot C. The relationship is shown in Figure 
206. 



0-1 



dot A 



dotB 



rvt-1 



dotC 



direction of dot movement 



Figure 206. Set of dots operated on for error diffusion 



For any given set of dots ABC, only B can be compensated for by error diffusion if B is defined as dead. A 
1 in dot B will be diffused into either dot A or dot C if possible. If there is already a 1 in dot A or dot C 
then a 1 in dot B cannot be diffused into that dot. 

The DNC must support adjacent dead nozzles. Thus if dot A is defined as dead and has previously been 
compensated for by error diffusion, then the dot data from dot B should not be diffused into dot A. Simi- 
larly, if dot C is defined as dead, then dot data from dot B should not be diffused into dot C. 

Error diffusion should not cross line boundaries. If dot B contains a dead nozzle and is the first dot in a line 
then dot A represents the last dot from the previous line. In this case an active bit on a dead nozzle of dot B 
should not be diffused into dot A. Similarly, if dot B contains a dead nozzle and is the last dot in a line then 
dot C represents the first dot of the next line. In this case an active bit on a dead nozzle of dot B should not 
be diffused into dot C. 

Thus, as a rule, a 1 in dot B cannot be diffused into dot A if 

• a 1 is already present in dot A, 

• dot A is defined as dead, 

• or dot A is the last dot in a line. 

Similarly, a 1 in dot B cannot be diffused into dot C if 

• a 1 is already present in dot C, 

• dot C is denned as dead, 

• or dot C is the first dot in a line. 

If B is defined to be dead and the dot value for B is 0, then no compensation needs to be done and dots A 
and C do not need to be changed. 

If B is defined to be dead and the dot value for B is 1, then B is changed to 0 and the DNC attempts to 
place the 1 from B into either A or C: 

• If the dot can be placed into both A and C, then the DNC must choose between them. The preference is 
given by the current output from the random bit generator, 0 for "prefer left" (dot A) or 1 for "prefer 
right" (dot C). 
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• If dot can be placed into only one of A and C, then the 1 from B is placed into that position. 

• If dot cannot be placed into either one of A or C, then the DNC cannot place the dot in either position. 
Table 147 shows the truth table for DNC error diffusion operation when dot B is defined as dead. 



Table 147. Error Diffusion Truth Table when dot B Is dead 
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0 


0 


X 


A input 


0 


C Input 


0 


0 


1 
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A input 


0 


C input 


0 


1 


0 


0 


1 b 


0 


C input 


0 


1 


0 


1 


A input 


0 


1 


0 


1 . 


1 


X 


1 


0 


C input 


1 


0 


0 


X 


A input 


0 


C input 


1 


0 


1 


X 


A input 


0 


C input 


1 


1 


0 


X 


A input 


0 


1 


1 


1 


1 


X 


A input 


0 


C input 



a. Output from random bit generator. Determines direction of error diffusion (0 = left, 1 = right) 

b. Bold emphasis is used to show the DNC inserted a 1 

The random bit value used to arbitrarily select the direction of diffusion is generated by a 32-bit maximum 
length random bit generator. The generator generates a new bit for each dot in a line regardless of whether 
the dot is dead or not. The random bit generator can be initialized with a 32-bit programmable seed value. 

29.4.4 Fixative correction 

After the dead nozzle compensation methods have been applied to the dot data, the fixative, if present, may 
need to be adjusted due to new nozzles being activated, or dead nozzles being removed. For each output 
dot the DNC determines if fixative is required (using the Fixa tiveRequiredMask register) for the new com- 
pensated dot data word and whether fixative is activated already for that dot. For the DNC to do so it needs 
to know the color plane that has fixative, this is specified by the FixattveMaskI configuration register. 
Table 148 indicates the actions to take based on these calculations. 



Table 1 48. Truth table for fixative correction 











t 


i 


Output dot as is. 


1 


0 


Clear fixative plane. 


0 


1 


Attempt to add fixative. 


0 


0 


Output dot as is. 



The DNC also allows the specification of another fixative plane, specified by the FixadveMask2 configura- 
tion register, with FixativeMaskl having the higher priority over FixativeMask2 . When attempting to add 
fixative the DNC first tries to add it into the planes defined by FixativeMaskl. However, if any of these 
planes is dead then it tries to add fixative by placing it into the planes defined by FixativeMask2. 
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Note that the fixative defined by Fixativehtaskl and FixativeMask2 could possibly be multi-part fixative, 
i.e. 2 bits could be set in FixativeMaskl with the fixative being a combination of both inks. 



\ 
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29.5 Implementation 

A block diagram of the DNC is shown in Figure 207. 
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Figure 207. Block diagram of DNC 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



_29 Nov 2002 
Page 452 



SoPEC : Hardware Design 



29.5.1 Definitions of I/O 



Table 149. DNC port Nst and description 







Clocks and Resets 


pclk 


1 


In 


System Clock. 


prst_n 




In 


System reset, synchronous active tow. 


PCU interface 


pcu_dnc_sel 


1 


in 


Block select from the PCU. When pcu_tfnc.se/is high both 
pcu^adr and pcu_dataout are valid. 


pcu_rwn 


1 


In 


Common reaoVnot-write signal from the PCU. 


pcu_adrt6:2] 


5 


In 


PCU address bus. Only 5 bits are required to decode the 
address space for this block. 


pcu_dataout[3 1 .0] 


32 


In 


Shared write data bus from the PCU. 


dnc_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dnc_pcu_jdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataouthas been registered by the block and for 
a read cycle this means the data on dnc_pcu m jdata is valid. 


dnc_pcu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DIU interface 


dnc_diu_rreq 


1 


Out 


DNC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


dnc_diu_radr[21 :5] 


17 


Out 


Read address to DIU, 256-bit word aligned. 


diu_dnc_rack 


1 


In 


Acknowledge from DIU thai read request has been accepted 
and new read address can be placed on dnc_diu_radr 


diu_dnc_rvalid 


1 


In 


Read data valid, active high. Indicates that valid read data Is 
now on the read data bus, diu_data* 


diu_datal63:0j 


64 


In 


Read data from DIU. 


HCU interface 


dnc_hcu_ready 


1 


Out 


Indicates that DNC Is ready to accept data from the HCU. 


hcu_dnc_avall i 


1 


In 


Indicates valid data present on hcujdncjdata. 


hcu_dnc_data[5:0] 


6 


In 


Output biHevel dot data in 6 ink planes. 


DWU Interface 


dwu_dnc_ready 


1 


In 


Indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


Out 


Indicates valid data present on dnc_dwu_data. 


dnc_dwu_data[5:0] 


6 


Out 


Output bHevel dot data in 6 ink planes. 



29.5.2 Configuration registers 

The configuration registers in the DNC are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
DNC. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
DNC. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of dnc_pcujdata. Table 150 lists the configuration registers in the DNC. 
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Table 150. DNC configuration registers 



















Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the 
DNC. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the DNC. Writing 
0 to this register halts the DNC. 
When Go is asserted all counters, flags etc. are 
cleared or given their initial value, but configura- 
tion registers keep their values. 
When Go is deasserted the state-machines go 
to their idle states but all counters and configu- 
ration registers keep their values. 
This register can be read to determine if the 
DNC is running 
(1 = running. 0 = stopped). 


Setup registers (constant during processing) 


0x10 


MaxDot 


16 


0x0000 


This is the maximum dot number - 1 present 
across a page. For example if a page contains 
13824 dots, then MaxDot vAU be 13823. 
Note that this number may or may not be the 
same as the number of dots across the print- 
head as some margining may be introduced In 
the PHI. 


0x14 


LSFR 


02 


0x0000 
0000 


The current value of the LFSR register used as 
the 32-bit maximum length random bit genera- 
tor. 

Users can write to this register to program a 
seed value for the 32-bit maximum length ran- 
dom bit generator. Must not be all 1s for taps 
implemented in XNOR form. (It is expected that 
writing a seed value will not occur during the 
operation of the LFSR). 

This LSFR value could also have a possible use 
as a random source in program code. 


0x20 


FixatrveMaskl 


6 


0x00 


Defines the higher priority fixative plane(s). Bit 0 

represents the settings for plane 0. bit 1 for 

plane 1 etc For each bit 

1 = the ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x24 


RxativeMask2 


6 


0x00 


Defines the tower priority fixative plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. Used only when RxativeMaskl 

planes are dead. For each bit 

1 = the ink piane contains fixative. 

0 s the ink plane does not contain fixative. 


0x28 


Fixative Required Mask 


6 


0x00 


Identifies the ink planes that require fixative. Bit 

0 represents the settings for plane 0. bit 1 for 
plane 1 etc. For each bit: 

1 e the ink plane requires fixative. 

0 - the ink plane does not require fixative (e.g. 
ink is self-fixing) 
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Table 150. DNC configuration registers 























0x30 


DnTabteStartAdr 


17 


0x0_0000 


Start address of Dead Nozzle Table in DRAM, 
specified in 256-bit words. 


0x34 


DnTableEndAdr 


17 


0x0_0000 


End address of Dead Nozzle Table in DRAM, 
specified in 256-bit words, i.e. the location con- 
taining the last entry in the Oead Nozzle Table. 
The Dead Nozzle Table should be aligned to a 
256-bit boundary, if necessary it can be padded 
with null entries. 


0x40 - 0x54 


Plane Replace Pat- 
tern^] 


6x6 


0x00 


Defines the ink replacement pattern tor each of 
the 6 ink planes. PJaneReplacePattern[0] is the 
ink replacement pattern for plane 0, PtaneRe- 
placePattem[1] is the ink replacement pattern 
for plane 1 , etc. 

For each 6 -bit replacement pattern for a plane, 
a 1 in any bit positions indicates the alternative 
ink planes to be used for this plane. 


0x56 


Diffuse Enable 


6 


0x3F 


Defines whether, after ink replacement, error 
diffusion is allowed to be performed on each 
plane. 

Bit 0 represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit: 
1 e error diffusion is enabled 
0 e error diffusion Is disabled 


Debug registers (read only) 


0x60 


DncOutputDebug 


8 


N/A 


Bit 7 = dwu_cfnc_ ready 
Bit 6 = dnc_dwu_avati 
Bits 5-0 = dnc_dwu_data 


0x64 


DncRepiace Debug 


14 


N/A 


at 13 = edu_ready 
Bit 1 2 = iru_avai! 
Bits 11-6 = iru__dn_mask 
Bits 5-0 « iru_data 


0x68 


DncDiffuseDebug 


14 


N/A 


Bit 13 = dwu_dnc_ready { 
Bit 12 = dnc_dwu_avail 
Bits 11-6 = edu_dn_mask 
Bits 5-0 c edu^data 
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29.5.3 Ink replacement unit 

Figure 208 shows a sub-block diagram for the ink replacement unit 
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Figure 208. Sub-block diagram of ink replacement unit 



29.5.3.1 Control unit 



The control unit is responsible for reading the dead nozzle table from DRAM and making it available to 
the DNC via the dead nozzle FIFO. The dead nozzle table is read from DRAM in single 256-bit accesses, 
receiving the data from the DIU over 4 clock cycles (64-bits per cycle). The protocol and timing for read 
accesses to DRAM is described in section 20.9.1 on page 208. Reading from DRAM is implemented by 
means of the state machine shown in Figure 209. 

All counters and flags should be cleared after reset. When Go transitions from 0 to 1 all counters and flags 
should take their initial value. While the Go bit is 1 , the state machine requests a read access from the dead 
nozzle table in DRAM provided there is enough space in its FIFO. 

A modulo-4 counter, rd_count, is used to count each of the 64-bits received in a 256-bit read access. It is 
incremented whenever diu_dnc_rvalid is asserted. When Go is 1, dnjtable_radr is set to 
dnjtable^tartjadr. As each 64-bit value is returned, indicated by diu_jdnc_rvalid being asserted, 
dnjLable_radr is compared to dn_table_end_adr. 

• If rd_count equals 3 and dnjtable_radr equals dnjtable_end_adr y then dnjtable_radr is updated to 
dn_table _jtart_adr. 

• If rd_count equals 3 and dn_table_radr does not equal dn_tablejend_adr 1 then dnjtable_radr is incre- 
mented by 1 . 

A count is kept of the number of 64-bit values in the FIFO. When diu_dnc_rvalid is 1 data is written to the 
FIFO by asserting wr_e/i, andfifo_contents zndfifo_wr_adr are both incremented. 
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When fifo_contents[3:0] is greater than 0 and edu_ready is 1, dnc_hcujready is asserted to indicate that 
the DNC is ready to accept dots from the HCU. If hcujincjxvail is also 1 then a dotadv pulse is sent to the 
GenMask unit, indicating the DNC has accepted a dot from the HCU, and iru_avail is also asserted. After 
Go is set, a single preload pulse is sent to the GenMask unit once the FIFO contains data. 

When a rd_adv pulse is received from the GenMask \unt,Jifo_rd_adr{4:0J is then incremented to select 
the next 16-bit value. If fifo_rd_adr [1:0] = 1 1 then the next 64-bit value is read from the FIFO by asserting 
rd_en, and Jifo_contents[3:0] is decremented. 



Reset QRpret n°=Q 
dA_table_rreq « 0 
dn_taWe_radr «= 0 
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Figure 209. Dead nozzle table state machine 



29.5.3.2 Dead nozzle FIFO 

The dead nozzle FIFO conceptually is a 64-bit input, and 16-bit output FIFO to account for the 64-bit data 
transfers from the DIU, and the individual 16-bit entries in the dead nozzle table that are used in the Gen- 
Mask unit In reality, the FIFO is actually 8 entries deep and 64-bits wide (to accommodate two 256-bit 
accesses). 

On the DRAM side of the FIFO the write address is 64-bit aligned while on the GenMask side the read 
address is 16-bit aligned, i.e. the upper 3 bits are input as the read address for the FIFO and the lower 2 bits 
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are used to select 16 bits from the 64 bits (1st 16 bits read corresponds to bits 15-0, second 16 bits to bits 
. 31-16 etc.). 

29.5.3.3 GenMaskunlt 

The GenMask unit generates the 6-bit dn_mask that is sent to the replace unit. It consists of a 10-bit delta 
counter and a mask register. 

After Go is set, the GenMask unit will receive a preload pulse from the control unit indicating the first 
dead nozzle table entry is available at the output of the dead nozzle FIFO and should be loaded into the 
delta counter and mask register. A rd_adv pulse is generated so that the next dead nozzle table entry is pre- 
sented at the output of the dead nozzle FIFO. The delta counter is decremented every time a dotadv pulse 
is received When the delta counter reaches 0, it gets loaded with the current delta value output from the 
dead nozzle FIFO, i.e. bits 15-6, and the mask register gets loaded with mask output from the dead nozzle 
FIFO, i.e. bits 5-0. A rdjadv pulse is then generated so that the next dead nozzle table entry is presented at 
the output of the dead nozzle FIFO. 

When the delta counter is 0 the value in the mask register is output as the dn_mask, otherwise the dn_mask 
is all 0s. 

The GenMask unit has no knowledge of the number of dots in a line, it simply loads a counter to count the 
delta from one dead nozzle column to the next. Thus as described in section 29.2 on page 446 the dead 
nozzle table should include null identifiers if necessary so that the dead nozzle table covers the first and 
last nozzle column in a line. 

29.5.3.4 Replace unit 

Dead nozzle removal and ink replacement are implemented by the combinatorial logic shown in Figure 
210. Dead nozzle removal is performed by bit-wise ANDing of the inverse of the dn_mosk with the dot 
value. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. 

The output of the ink replacement process is ORed with the resultant dot after dead nozzle removal. If the 
dot position does not contain a dead nozzle then the dnjmosk will be all Os and the dot, hcu_dnc_data, will 
be passed through unchanged. 
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Figure 210. Logic for dead nozzle removal and ink replacement 
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29.5.4 Error Diffusion Unit 

Figure 21 1 shows a sub-block diagram for the error diffusion unit. 
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Figure 211. Sub-block diagram of error diffusion unit 



29.5.4.1 Random Bit Generator 



The random bit value used to arbitrarily select the direction of diffusion is generated by a maximum length 
32-bit LFSR The tap points and feedback generation are shown in Figure 212. The LFSR generates a hew 
bit for each dot in a line regardless of whether the dot is dead or not, i.e shifting of the LFSR is enabled 
when advdot equals 1. The LFSR can be initialised with a 32-bit programmable seed value, random_seed 
This seed value is loaded into the LFSR whenever a write occurs to the RandomSeed register. Note that the 
seed value must not be all Is as this causes the LFSR to lock-up. 



3l|3O|29|2gl27}26|25|24|23|22|2l|20ll9|l8|l7|l6|l5|l4|l3|l2|ll|l0| 9|8|7|6|5|4|3|2|l|p 




XNOR 



output 
bit 



Figure 212. Maximum length 32-bit LFSR used for random bit generation 



29.5.4.2 Advance Dot Unit 

The advance dot unit is responsible for determining in a given cycle whether or not the error diffuse unit 
vail accept a dot from the ink replacement unit or make a dot available to the fixative correct unit and on to 
the DWU. It therefore receives the dwu_dnc_ready control signal from the DWU, the iru_avail flag from 
the ink replacement unit, and generates dnc_dwu_avail and edu_ready control flags. 

Only the dwu__dnc_ready signal needs to be checked to see if a dot can be accepted and asserts edu_ready 
to indicate this. If the error diffuse unit is ready to accept a dot and the ink replacement unit has a dot avail- 
able, then a advdot pulse is given to shift the dot into the pipeline in the diffuse unit. Note that since the 
error diffusion operates on 3 dots, the advance dot unit ignores dwu_dnc_ready initially until 3 dots have 
been accepted by the diffuse unit. Similarly dnc_dwu_avail is not asserted until the diffuse unit contains 3 
dots and the ink replacement unit has a dot available. 
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29.5.4.3 Diffuse Unit 

The diffuse unit contains the combinatorial logic to implement the truth table from Table 147. The diffuse 
unit receives a dot consisting of 6 color planes (1 bit per plane) as well as an associated 6-bit dead nozzle 
mask value. 

Error diffusion is applied to all 6 planes of the dot in parallel. Since error diffusion operates on 3 dots, the 
diffuse unit has a pipeline of 3 dots and their corresponding dead nozzle mask values. The first dot 
received is referred to as dot A, and the second as dot B, and the third as dot C. Dots are shifted along the 
pipeline whenever advdot is L A count is also kept of the number of dots received. It is incremented when- 
ever advdot is 1, and wraps to 0 when it reaches maxjdot. When the dot count is 0 dot C corresponds to the 
first dot in a line. When the dot count is 1 dot A corresponds to the last dot in a line. 

In any given set of 3 dots only dot B can be defined as containing a dead nozzle(s). Dead nozzles are iden- 
tified by bits set in iru_dn_mask* If dot B contains a dead nozzle(s), the corresponding bit(s) in dot A, dot 
C the dead nozzle mask value for A, the dead nozzle mask value for C, the dot count, as well as the ran- 
dom bit value are input to the truth table logic and the dots A, B and C assigned accordingly. If dot B does 
not contain a dead nozzle then the dots are shifted along the pipeline unchanged. 

29.5.5 Fixative Correction Unit 

The fixative correction unit consists of combinatorial logic to implement fixative correction as defined in 
Table 151. For each output dot the DNC determines if fixative is required for the new compensated dot 
data word and whether fixative is activated already for that dot. 

FixacivePresent » ( (FixativeMaskl "| FixativeMask2 > & edu^data) != 0 
FixativeRe<iuired ■ (FixativeRequiredMask & edu_data) « = 0 

It then looks up the truth table to see what action, if any, needs to be taken. 



Table 1 51 . Truth table for fixative correction 



|j^5ent|j 






:«fspiM« mm 


1 


1 


Output dot as is. 


dnc_dwu_data = edu.data 


1 


0 


Clear fixative plane. 


dnc_dwu_data » (edu_data) & -(FixativeMaskl | RxativeMaak2) 


0 


1 


Attempt to add fixa- 
tive. 


ff(FixativeMask1 & DnMask) l= 0 

dnc_dwu_data « (edu.data) | (RxatfveMask2 & -DnMask) 
else 

dnc_dwu_data = (edu_data) | ( Fixative Mask 1) 


0 


0 


Output dot as is. 


dnc_dwu_data = edu__data 



When attempting to add fixative the DNC first tries to add, it into the plane defined by FixativeMaskl . 
However, if this plane is dead then it tries to add fixative by placing it into the plane defined by 
FixativeMaskl. Note that if both FixativeMaskl and FixativeMask2 are both all Os then the dot data will 
not be changed. 
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30 Dotline Writer Unit (DWU) 

30.1 Overview 

The Dotline Writer Unit (DWU) receives ! dot (6 bits) of color information per cycle from the DNC. Dot 
data received is bundled into 256-bit words and transferred to the DRAM. The DWU (in conjunction with 
the LLU) implements a dot line FIFO mechanism to compensate for the physical placement of nozzles in a 
printhead, and provides data rate smoothing to allow for local complexities in the dot data generate pipe- 
line. 
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dot data 
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dotdata_ 



dot data 



control 



UU 



Figure 213. High level data flow diagram of DWU in context 



30.2 Physical requirement imposed by the printhead 

The physical placement of nozzles in the printhead means that in one firing sequence of all nozzles, dots 
will be produced over several print lines. The printhead consists of 12 rows of nozzles, one for each color 
of odd and even dots. Odd and even nozzles are separated by D 2 print lines and nozzles of different colors 
are separated by D x print lines. See Figure 214 for reference. The first color to be printed is the first row of 
nozzles encountered by the incoming paper. In the example this is color 0 odd, although is dependent on 
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the printhead type (see Section 35 Memjet Printhead for other printhead arrangments). Paper passes under 
printhead moving downwards. 



Type 0 printhead IC 

Color 5 Even — 
Color 5 Odd — 
Color 4 Even — 
Color 4 Odd — 
Color 3 Even — 
Color 3 Odd — 
Color 2 Even — 
Color 2 Odd — 
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Color 1 Odd — 
Color 0 Even — 
Color 0 Odd — 




000000000 H© 00000000- 

© © © © o)) ©©OG©©©o®- 
€>©00©00©0 [[© ©0©©00©©- 
0000000G 0 T) 000000000 
000000000 ff© 0 © © 0 © © 

0©0©0©C© ©T) 000000000 
Q i- O O O O O O O ' O [( & ■ OOQQOOOQ 
OQQQOOOO O J J O O O Q Q Q O O h Q 



© 0©000©©0 



00000000 

00000000 ©J J 000000000- 

i i i i I 1 i 1 i !i !J ff JS 25^242628X3234 

000 0-00000 000000000- 

1 3 5 7 9 II 13 15 17Vl 19 21 23 2S^~ ~ ~ ~ ~ 

00000000 ©I] 000 



27 29 31 33 35 

0 0 0 0> 



l6jim 32 jim 



Paper 



Type 1 printhead IC 



^ 80 jim 

BO 



-Shift register Order 



J J 5 lines 
D 1= 5 lines 



Paper Direction 



Note: Paper passes under printhead 

Figure 214. Printhead Nozzle Layout for conceptual 36 Nozzle bMithic printhead 

For example if the physical separation of each half row is 80fim equating to Dj=D 2 =5 print lines at 
1600dpi. This means that in one firing sequence, color 0 odd nozzles will fire on dotline L, color 0 even 
nozzles will fire on dotline L-D|, color 1 odd nozzles will fire on dotline L-D r D 2 and so on over 6 color 
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planes odd and even nozzles. The total number of lines fired over is given as 0+5+5 +5= 0 + 1 1 x5 =55. 

See Figure 2 1 5 for example diagram. 
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Figure 215. Paper and printhead nozzles relationship (example with D^D^S) 

It is expected that the physical spacing of the printhead nozzles will be 80um (or 5 dot lines), although 
there is no dependency on nozzle spacing. The DWU is configurable to allow other line nozzle spacings. 



Table 152. Relationship between Nozzle color/sense and line firing 
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odd 
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odd 
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Color 5 


even 
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odd 
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30.3 Line rate de-coupling 



The DWU block is required to compensate for the physical spacing between lines of nozzles. It does this 
by storing dot lines in a FIFO (in DRAM) until such time as they are required by the LLU for dot data 
transfer to the printhead interface. Colors are stored separately because they are needed at different times 
by the LLU. The dot line store must store enough lines to compensate for the physical line separation of 
the printhead but can optionally store more lines to allow system level data rate variation between the read 
(printhead feed) and write sides (dot data generation pipeline) of the FIFOs. 
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A logical representation of the FIFOs is shown in Figure 216, where N is defined as the optional number of 
extra half lines in the dot line store for data rate de-coupling. 

Even Row Encountered First 



LLU 

Read 

Side 



Colors, Odd FIFO 



Color 5, Even FIFO 



Color 4, Odd FIFO 



Color 4. Even FIFO 



Color 3, Odd FIFO 



Color 3, Even FIFO 



Color 2, Odd FIFO 



Color 2, Even FIFO 



Color 1, Odd FIFO 



Color 1, Even FIFO 



DWU 
Write 
Side 



Color O, Odd FIFO T 
Color 0, Even FIFO | 



I Extra line store D 



LLU 

Read 

Side 



Odd. Row Encountered First 



Color 5, Odd FIFO 



Color 5, Even FIFO 



Color 4, Odd FIFO 



Color 4. Even FIFO 



Color 3, Odd FIFO 



Color 3. Even FIFO 



Color 2, Odd FIFO 



Color 2. Even FIFO 



Color 1. Odd FIFO 



Color 1 , Even FIFO 



Color 0. Odd FIFO 



_1± 



DWU 
Write 
Side 



Color 0, Even FIFO 







! Extra line store D 2 

Figure 216. Dot line store logical representation 



30.4 Dot line store storage requirements 

For an arbitrary page width of d dots (where d is even), the number of dots per half line is d/2. 

For interline spacing of D 2 and inter-color spacing of D If with C colors of odd and even half lines, the 
number of half line storage is (C - 1) (D 2 +V\) + D1 - 

For N extra half line stores for each color odd and even, the storage is given by (N * C * 2). 
The total storage requirement is ((C - 1) (D 2 +Di) + Dl + (N * C ♦ 2)) * d/2 in bits. 
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Note that when determining the storage requirements for the dot line store, the number of dots per line is 
the page width and not necessarily the printhead width. The page width is often the dot margin number of 
dots less than the printhead width. They can be the same size for full bleed printing. 

For example in an A4 page a line consists of 13824 dots at 1600 dpi, or 6912 dots per half dot line. To 
store just enough dot lines to account for an inter-line nozzle spacing of 5 dot lines it would take 55 half 
dot lines for color 5 odd, 50 dot lines for color 5 even and so on, giving 55+50+45... 10+5+0= 330 half dot 
lines in total. If it is assumed that N=4 then the storage required to store 4 extra half lines per color is 4 x 
12=48, in total giving 330+48=378 half dot lines. Each half dot line is 6912 dots, at 1 bit per dot give a 
total storage requirement of 6912 dots x 378 half dot lines / 8 bits = Approx 319 Kbytes. Similarly for an 
A3 size page with 19488 dots per line, 9744 dots per half line x 378 half dot lines / 8 = Approx 899 
Kbytes. 



Table 153. Storage requirement for dot line store 




The potential size of the dot line store makes it unfeasible to be implemented in on-chip SRAM, requiring 
the dot line store to be implemented in embedded DRAM. This allows a configurable dotline store where 
unused storage can be redistributed for use by other parts of the system. 



30.5 Local buffering 

An embedded DRAM is expected to be of the order of 256 bits wide, which results in 27 words per half 
line of an A4 page, and 54 words per half line of A3 . This requires 27 words x 1 2 half colors (6 colors odd 
and even) « 324 x 256-bit DRAM accesses over a dotline print time, equating to 6 bits per cycle (equal to 
DNC generate rate of 6 bits per cycle). Each half color is required to be double buffered, while filling one 
buffer the other buffer is being written to DRAM. This results in 256 bits x 2 buffers x 12 half colors i.e. 
6144 bits in total. 

The buffer requirement can be reduced, by using 1 .5 buffering, where the DWU is filling 128 bits while the 
remaining 256 bits are being written to DRAM. While this reduces the required buffering locally it 
increases the peak bandwidth requirement to the DRAM. With 2x buffering the average and peak DRAM 
bandwidth requirement is the same and is 6 bits per cycle, alternatively with 1.5x buffering the average 
DRAM bandwidth requirement is 6 bits per cycle but the peak bandwidth requirement is 1 2 bits per cycle. 
The amount of buffering used will depend on the DRAM bandwidth available to the DWU unit. 
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Figure 217. Comparison of 1.5x v 2x buffering 
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Should the DWU fail to get the required DRAM access within the specified time, the DWU will stall the 
DNC data generation. The DWU will issue the stall in sufficient time for the DNC to respond and still not 
cause a FIFO overrun. Should the stall persist for a sufficiently long time, the PHI will be starved of data 
and be unable to deliver data to the printhead in time. The sizing of the dotline store FIFO and internal 
FIFOs should be chosen so as to prevent such a stall happening. 



30.6 Dotline data in memory 



The dot data shift register order in the printhead is shown in Figure 214 (the transmit order is the opposite 
of the shift register order). In the example the type 0 printhead IC transmit order is increasing even color 
data followed by decreasing odd color data. The type 1 printhead IC transmit order is decreasing odd color 
data followed by increasing even color data. For both printhead ICs the even data is always increasing 
order and odd data is always decreasing. The PHI controls which printhead IC data gets shifted to. 

From this it is beneficial to store even data in increasing order in DRAM and odd data in decreasing order. 
While this order suits the example printhead, other printheads exist where it would be beneficial to store 
even data in decreasing order, and odd data in increasing order, hence the order is configurable. The order 
that data is stored in memory is controlled by setting the ColorLineSense register. 
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The dot . order in DRAM for increasing and decreasing sense is shown in Figure 218 and Figure 219 
respectively. For each line in the dot store the order is the same (although for odd lines the numbering will 
be different the order will remain the same). Dot data from the DNC is always received in increasing dot 
number order. For increasing sense dot data is bundled into 256-bit words and written in increasing order 
in DRAM, word 0 first, then word 1 , and so on to word N, where N is the number of words in a line. 

For decreasing sense dot data is also bundled into 256-bit words, but is written to DRAM in decreasing 
order, i.e. word N is written first then word N-l and so on to word 0. For both increasing and decreasing 
sense the data is aligned to bit 0 of a word, i.e. increasing sense always starts at bit 0, decreasing sense 
always finishes at bit 0. 
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Figure 218. Even dot order in DRAM (Increasing Sense, 13320 dot wide line) 



Even Dot Storage in DRAM (Decreasing Sense) 
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Figure 219. Even dot order in DRAM (Decreasing Sense, 13320 dot wide line) 



Each half color is configured independently of any other color. The ColorBaseAdr register specifies the 
position where data for a particular dotline FIFO will begin writing to. Note that for increasing sense col- 
ors the ColorBaseAdr register specifies the address of the first word of first line of the flfo, whereas for 
decreasing sense colors the ColorBaseAdr register specifies the address of last word of the first line of the 
FIFO. 

Dot data received from the DNC is bundled in 256-bit words and transferred to the DRAM. Each line of 
data is stored consecutively in DRAM, with each line separated by ColorLinelnc number of words. 

For each line stored in DRAM the DWU increments the line count and calculates the DRAM address for 
the next line to store. 
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This process continues until ColorFifoSize number of lines are stored, after which the DRAM address with 
wrap back to the ColorBaseAdr address. 



Increasing Sense Colors 
DRAM 



ColorBaseAdr 
(words) 




Decreasing Sense Colore 
DRAM 



ColorBaseAdr 
(words) 




MaxWriteAhead (Unes) 



±_ ColorFifoSize = N lines 



Figure 220. Dotline FIFO data structure In ORAM 

As each line is written to the FIFO, the DWU increments the FifoFillLevel register, and as the LLU reads a 
line from the FIFO the FifoFillLevel register is decremented The LLU indicates that it has completed 
reading a line by a high pulse on the llu_dwu_line_j-d line. 

When the number of lines stored in the FIFO is equal to the MaxWriteAhead value the DWU will indicate 
to the DNC that it is no longer able to receive data (i.e. a stall) by deasserting the dwu_dnc_ready signal. 

The ColorEnable register determines which color planes should be processed, if a plane is turned off, data 
is ignored for that plane and no DRAM accesses for that plane are generated. 
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30.7 Implementation 

30.7.1 Definitions of I/O 



Table 154. DWU I/O Definition 





SHE 


BBS 




Clocks and Resets 


pdk 


1 


In 


System Clock 


prsUi 


1 


In 


System reset, synchronous active low 


ONC Interface 


dwu_dnc_ready 


i 


Out 


Indicates that DWU is ready to accept data from the DNC. 


dnc_dwu_avail 


i 


In 


Indicates valid data present on dnc_dwu_data. 


dnc_dwu_data[5 :0] 


6 


In 


Input bMeve! dot data in 6 Ink planes. 


LLU Interface 


dwuJ!u_Dne_wr 


1 


Out 


DWU line write. Indicates that the DWU has completed a full 
fine write. Active high 


llfu_dwujine_rd 


1 


In 


LLU line read. Indicates that the LLU has completed a line 
read. Active high. 


LLU and DWU common configuration 


dwujlu_cfifosize[1 1 :0][7:0] 


12x8 


Out 


Indicates the number of lines in the FIFO before the line 

increment will wrap around in memory. 

Bus 0,1 - Even, Odd fine color O 

Bus 2,3 - Even, Odd line color 1 

Bus 4,5 - Even, Odd line color 2 

Bus 6,7 - Even, Odd line color 3 

Bus 8,9 - Even, Odd line color 4 

Bus 10,1 1 - Even. Odd line color S 


PCU Interface 


pcu_dwu_sel 


1 


In 


Block select from the PCU. When pcu_dwu_selis high both 
pcu_adr and pcu^dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr[7^2J 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataout(31 :0} 


32 


In 


Shared write data bus from the PCU. 


dwu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dwu _pcu_rdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means pcujdataout has been registered by the block and 
for a read cycle this means the data on dwu _pcu data is 
valid. 


dwu _pcu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DIU Interface 


dwu_dru_wreq 


1 


Out 


DWU requests DRAM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 


dwu_diu_wadr[21 .5] 


17 


Out 


Write address to DIU 

17 bits wide (256-bit aligned word) 


diu_dwu_wack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 
dwu_diu_wadr 
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Table 154. DWU I/O Definition 











dwu_diu_data(63:0] 


64 


Out 


Data from DWU to DIU. 256-bit word transfer over 4 cycles 
First 64-bits is bits 63:0 of 256 bit word 
Second 64 -bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


dwu_diu_wvaJid 


1 


Out 


Signal from DWU indicating that data on dwu_diu_data is 
valid. 
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30.7.2 DWU partition 
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Figure 221. DWU partition 



30.7.3 Configuration registers 

The configuration registers in the DWU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
DWU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register 
reads and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for 
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the DWU. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of dwu_pcu_data. Table 155 lists the configuration registers in the DWU. 



Table 155. DWU registers description 





H 






Control Registers 








0x00 


Reset 


1 


0x1 


Active tow synchronous reset, self de-activating. A 
write to this register will cause a DWU block reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the DWU is programmed 
and ready to use. A tow to high transition will cause 
DWU block interna! states to reset (configuration 
registers are not reset). 


Dot Line Store Configuration 


0x08-0x38 


Cotor8aseAdrf11:0] 


12x17 


0x00000 


Specifies the base address Cm words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C-0x6C 


ColorF1foSlze[1l:0] 


12x8 


0x00 


Indicates the number of lines in the FIFO before 
the line increment will wrap around in memory. 
Bus 0,1 - Even, Odd line color 0 
Bus 2,3 - Even, Odd line color 1 
Bus 4.5 - Even, Odd line color 2_ 
Bus 6,7 - Even, Odd fine color 3 
Bus 8,9 - Even, Odd line color 4 
Bus 10,1 1 - Even, Odd line color 5 


0x70 


ColorLineSense 


2 


0x2 


Specifies whether data written to DRAM for this 
half color is increasing or decreasing sense 

0 - Decreasing sense 

1 - Increasing sense 

Bit 0 Defines even color sense, 
Bit 1 Defines odd color sense. 


0x74 


ColorEnable 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to DRAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x78 


MaxWriteAhead 


8 


0x00 


Specifies the maximum number of lines that the 
DWU can be ahead of the LLU 


0x7C 


UneSize 


16 


0x0000 


Indicates the number of dots per line. 


Working Registers 


0x80 


LineOotCnt 


16 


0x0000 


Indicates the number of remaining dots in the cur- 
rent line. {Read Only) 


0x84 


RfoRHLevel 


8 


0x00 


Number of lines in the FIFO, written to but not 
read. (Read Only) 



A low to high transition of the Go register causes the internal states of the DWU to be reset. Ail configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the dwu_go_pulse 
signal. 



The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store. It is derived from the LineSize register by rounding up the nearest 256-bit value. The 
same value used for all half colors. 

if <line_sizen :0] !=0 ) then 

color_line_inc(7 :0] « 1 ine_size (15 : 8] + 1 
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else 



color_line_inc[7 :0] * line_size [15 : 8 J ; 



30.7.4 



Fifo fill level 



The DWU keeps a running total of the number of lines in the dot store FIFO. Each time the DWU writes a 
line to DRAM (determined by the DIU interface subblock and signalled via linejwr) it increments the 
filllevel and signals the line increment to the LLU (pulse on dwu_llujl ine_wr) . Conversely if it receives an 
active Uu_dwu_line_rd pulse from the LLU, the filllevel is decremented If the filllevel increases to the pro- 
grammed max level (max_write_ahead) then the DWU stalls and indicates back to the DNC by de-assert- 
ing the dwu_dn c_ready signal. 

If one or more of the DIU buffers fill, the DIU interface signals the fill level logic via the bufjull signal 
which in turn causes the DWU to de-assert the dwu_dnc_ready signal to stall the DNC. The bufjull sig- 
nals will remain active until the DIU services a pending request from the full buffer, reducing the buffer 
level. 

The DWU does not increment the fill level until a complete line of dot data is in DRAM not just a com- 
plete line received from the DNC. This ensures that the LLU cannot start reading a partial line from 
DRAM before the DWU has finished writing the line. 

The fill level is reset to zero each time a new page is started, on receiving a pulse via the dwu_go _pulse 
signal. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. 
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30.7.5 Buffer address generator 
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Figure 222. Buffer address generator sub-block 
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30,7.5.1 Buffer address generator description 

The buffer address generator subblock is responsible for accepting data from the DNC and writing it to the 
DIU buffers in the correct order. 

The buffer address and active bit-write for a particular dot data write is calculated by the buffer address 
generator based on the dot count of the current line, programmed sense of the color and the line size. 

All configuration registers should be programmed while the Go bit is set to zero, once complete the block 
can be enabled by setting the Go bit to one. The transition from zero to one will cause the internal states to 
reset 

If the color Jine^sense signal for a color is one (i.e. increasing) then the bit- write generation is straight 
forward as dot data is aligned with a 256-bit boundary. So for the first dot in that color, the bit 0 of the 
wrjbit bus will be active (in buffer word 0), for the second dot bit 1 is active and so on to the 255 th dot 
where bit 63 is active (in buffer word 3). This is repeated for all 256-bit words until the final word where 
only a partial number of bits are written before the word is transferred to DRAM. 

If color Jiinejsense signal for a color is zero (i.e. decreasing) the bit-write generation for that color is 
adjusted by an offset calculated from the pre-programmed line length (line_?ize). The offset adjusts the bit 
write to allow the line to finish on a 256-bit boundary. For example if the line length was 400, for the first 
dot received bit 7 (line length is halved because of odd/even lines of color) of the wrjbit is active (buffer 
word 3), the second bit 6 (buffer word 3), to the 200 th dot of data with bit 0 of wrjbit active (buffer word 
0). 
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30.7.5.2 Bit-write decode 

The buffer address generator contains 2 instances of the bit-write decode, one configured for odd dot data 
the other for even. The counter (either up or down counter) used to generate the addresses is selected by 
| the color Jinejsense signal. Each block determines if it is active on this cycle by comparing its configured 

type with the current dot count address and the datajactive signal. 

The wr_bit bus is a direct decoding of the lower 6 count bits (count / 6: J /), and the DIU buffer address is 
the remaining higher bits of the counter (count [1 0:7]). 

The signal generation is given as follows: 
// determine the counter to use 
| if (color_line_sense == 1 ) 

count e up_cnt{10:0) 
else 

count = dn_cnt [10:0] 
// determine if active, based on instance type 

wr_en = data_active & (count [0] * odd_even_type) // odd =1 , even =0 

// determine the bit write value 
wr_bic(63 :0) «* decode (count [6 : 13 > 
// determine the buffer 64-bit address 
wr_adr[3:0] » count (10: 7] 

30.7.5.3 Up counter generator 

The up counter increments for each new dot and is used to detennine the write position of the dot in the 
DIU buffers for increasing sense data. At the end of each line of dot data (as indicated by line Jin), the 
counter is rounded up to the nearest 256-bit word boundary. This causes the DIU buffers to be flushed to 
DRAM including any partially filled 256-bit words. The counter is reset to zero if the dwu_go _jmlse is 
one. 

// Up-Counter logic 

if { dwu_go_pul se == 1) then { 

up_cnt ( 10 : 0 ] » 0 
elsif (line_fin == 1 ) then 

// round up 

if (up_cnt(8:l) != 0) 
up_cnt (10: 9J 

else 

up_cnt(10:9) 

// bit-selector 

up_cnt (7 : 0) =0 

elsif ( (dnc_dwu_avail == 1) and { dwu_dnc_r eady == 1 ) ) then 
up_cnt (7 : 0] ++ 



30.7.5,4 Down counter generator 

The down counter logic decrements for each new dot and is used to determine the write position of the dot 
in the DUI buffers for decreasing sense data. When the dwu_go _jmlse bit is one the lower bits (i.e. 8 to 0) 
of the counter are reset to line size value (line^jsize), and the higher bits to zero. The bits used to determine 
the bit-write values and 64-bit word addresses in the DIU buffers begin at line size and count down to zero. 
The remaining higher bits are used to determine the DIU buffer 256-bit address and buffer fill level, begin 
at zero and count up. The counter is active when valid dot data is present, i.e. dnc_dwu_ovail equals 1. 

When the end of line is detected (line Jin equals 1) the counter is rounded to the next 256-bit word, and the 

lower bits are reset to the line size value. 

//Down -Counter Logic 

if (dwu_go_pulse == 1) then 
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dn_cnt[8:0J = line_size [8 : 0) 
dn_cnt(10:9] = 0 
elsif <line_fin == 1 ) then 
// perform rounding up 
if <dn_cnt(8:l] != 0) 

dn_cnt[10:9)++ 
else 

dn_cnt [10:9 J 
// bit-select is reset 

dn_cnt T8:0] =line_size(8:0] // bit select bits 
elsif ( (dnc_dwu_ovail == 1) AND (dwu_dnc_ready == 1 > ) then 
dn_cnt 18:0) — 
dn_cnt(l0:9J+* 



The dot counter simply counts each active dot received from the DNC It sets the counter to line jsize and 
decrements each time a valid dot is received When the count equals zero the line Jin signal is pulsed and 
the counter is reset to line_size. 

The counter is reset to line_$ize when dwu_go _pulse is 1. 



The DIU buffer is a 64 bit x 8 word dual port register array with bit write capability. The buffer could be 
implemented with flip-flops should it prove more efficient 



30.7.5.5 Dot counter 



30.7.6 



DIU buffer 
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30.7.7 DIU interface 
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Figure 223. OIU Interface sub-block 



30.7. 7. f 0/1/ interface general description 

The DIU interface determines when a buffer needs a data word to be transferred to DRAM. It generates the 
DRAM address based on the dot line position, the color base address and the other programmed parame- 
ters. A write request is made to DRAM and when acknowledged a 256-bit data word is transferred. The 
interface determines if further words need to be transferred and repeats the transfer process. 

If the FIFO in DRAM has reached its maximum level, or one of the buffers has temporarily filled, the 
DWU will stall data generation from the DNC. 

A similar process is repeated for each line until the end of page is reached. At the end of a page the CPU is 
required to reset the internal state of the block before the next page can be printed. A low to high transition 
of the Go register will cause the internal block reset, which causes all registers in the block to reset with 
the exception of the configuration registers. The transition is indicated to subblocks by a pulse on 
dwu_go^pulse signal. 
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30.7.7.2 Interface controller 
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Figure 224. Interface controller state diagram 



The interface controller state machine waits in Idle state until an active request is indicated by the read 
pointer (via the req_octive signal). When an active request is received the machine proceeds to the Col- 
orSelect state to determine which buffers need a data transfer. In the ColorSelect state it cycles through 
each color and determines if the color is enabled (and consequently the buffer needs servicing), if enabled 
it jumps to the Request state, otherwise the color_cnt is incremented and the next color is checked. 

In the Request state the machine issues a write request to the DIU and waits in the Request state until the 
write request is acknowledged by the DFU (diu__dwu_wack). Once an acknowledge is received the state 
machine clocks through 4 cycles transferring 64-bit data words each cycle and incrementing the corre- 
sponding buffer read address. After transferring the data to the DIU the machine returns to the ColorSelect 
state to determine if further buffers need servicing. On the transition the controller indicates to the address 
generator (adr_update) to update the address for that selected color. 

If all colors are transferred (color^cnt equal to 6) the state machine returns to Idle, updating the last word 
flags (group Jin) and request logic (reqjupdate). 

The dwu_diu_wvalid signal is a delayed version of the buf_rd_en signal to allow for pipeline delays 
between data leaving the buffer and being clocked through to the DIU block. 

The state machine will return from any state to Idle if the reset or the dwu _go_pulse is 1 . 
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30.7.7.3 Address generator 

The address generator block maintains 12 pointers (color_adr[lI:OJ) to DRAM corresponding to current 
write address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for that color. The pointer used is selected by the req_sel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 

The pointer update is dependent on the sense of the color of that pointer, the pointer position in a line and 
the line position in the FIFO. The programming of the color Jbase^adr needs to be adjusted depending of 
the sense of the colors. For increasing sense colors the color Jbase_adr specifies the address of the first 
word of first line of the fifo, whereas for decreasing sense colors the color Jbase^adr specifies the address 
of last word of the first line of the FIFO. 

For increasing colors, the initialization value (i.e. when dwu_go _pulse is 1) is the color _base_adr. For 
each word that is written to DRAM the pointer in incremented. If the word is the last word in a line (as 
indicated by lastjwd from that read pointers) the pointer is also incremented. If the word is the last word in 
a line, and the line is the last line in the FIFO (indicated byfifo^end from the line counter) the pointer is 
reset to color_base_adr. 

In the case of decreasing sense colors, the initialization value (i.e. when dwu _go _pulse is 1) is the 
colorJ)ase_adr. For each line of decreasing sense color data the pointer starts at the line end and decre- 
ments to the line start. For each word that is written to DRAM the pointer is decremented. If the word is 
the last word in a line the pointer is incremented by color Jinejnc * 2 + 1. One line length to account for 
the line of data just written, and another line length for the next line to be written. If the word is the last 
word in a line, and the line is the last line in the FIFO the pointer is reset to the initialization value (i.e. 
color Jbase_adr). 

The address is calculated as follows: 

if (dwu_go_pulse =« 1) then 

color_adr[ll:0] = color_base_adr [11 : 0 J [21 : 5] 
els if (adrjupdate «= 1) then { 

// determine the color 

color v re<j_sel ( 3 : 0 ] 

// line end and fifo wrap 

if (<f if o_end[ color] 1) AND (last_wd == 1)) then { 
// line end and fifo wrap 

co lor_adr [color] = color_base_adr [color] [21 :5J 
) 

elsif ( last_wd == 1) then { 

// just a line end no fifo wrap 

if (color_line_sense [color % 2] == 1) then // increasing sense 

color_adr [color] ++ 
€ * se // decreasing sense 

color_adr [color] » color__adr [color J + < color_line inc * 2) + 1 

> 

else { 

// regular word write 

if <color_line_sense [color % 2] == 1) then // increasing sense 
color_adr [color] ++ 

else // decreasing sense 

color_adr [color] — 

) 

> 

// select the correct address, for this transfer 
dwu_diu_wadr = color_adr [req_sel ] 
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30.7 J A Line count 

The line counter logic counts the number of dot data lines stored in DRAM for each color. A separate 
pointer is maintained for each color. A line pointer is updated each time the final word of a line is trans- 
ferred to DRAM. This is determined by a combination of adr_update and lastjwd signals. The pointer to 
update is indicated by the reqjsel bus. 

When an update occurs to a pointer it is compared to zero, if it is non-zero the count is decremented, oth- 
erwise the counter is reset to color Jifo^size. If a counter is zero the fifojznd signals is set high to indicates 
to the address generator block that the line is the last line of this colors fifo. 

If the dwu_go_j>u!se signal is one the counters are reset to color _fifo_size. 

if (dwu_go_pu3.se « 1) then 

line_cntUl:0] » color_f ifo_size [ 11: 0] 
elsif ((adr_update == l> and (last_wd == 1)) then { 

// determine the pointer to operate on 

color «= reo_.sel [3 ;0J 

// update the pointer 

if <line_cnt[colorJ aa O) then 

line_cnt {color] = color_f if o_size [color} 

else 

line_cnt[ij 

) 

// count is zero its the last line of fifo 
for<i=0 ?i <12 

fifo_endti) = <line_cnt[i] == 0) 

} 

30.7.7.5 Read Pointer 

The read pointer logic maintains the buffer read address pointers. The read pointer is used to determine 
which 64-bit words to read from the buffer for transfer to DRAM. 

The read pointer logic compares the read and write pointers of each DIU buffer to determine which buffers 
require data to be transferred to DRAM (p end [11:0] bus), and which buffers are full (the bufjkll signal). 
Only enabled buffers are considered as indicated by the color jznable bus. 

Buffers are grouped into odd and even buffers groups. If an odd buffer requires DRAM access the 
odd^pend signals will be active, if an even buffer requires DRAM access the even _pend signals will be 
active. If both odd and even buffers require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the reqjactive 
signal, with the odd_even^sel signal determining which group of buffers get serviced. The interface con- 
troller will check the color jenable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the read pointer logic to update the requests pending via 
reqjupdate signal. 

The reqjsel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_even_jsel signal and the color _cnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and read pointer for the corresponding buffer are updated. The req_sel 
determines which pointer should be incremented. 
// determine which buffers need updates 
for( i=0; i<12; i++) { 

// determine if request is active, filtered by color enable 

if ( wr_adrti] 13 :2J !« rcLadr [ i) [3 :2] ) 
pend(i) = color_enable( i / 2] 

else 

pend(il = 0 
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// determine if any enabled buffer is full 

if ((wr_adr(i] [3:0] - rd_adr ( i ) (3 : 0] ) > 7) AND <color__enable [ i / 21 » i) ) then 
buf_full = 1 

) 

// Odd half colors (1,3,5,7.9,11). even half colors (0.2,4,6,8,10) 
odojend = ( pend[l] | pend(3) | pend[5] | pend[7] | pend(9J | pend[ll] ) 
even_pend = ( pend(0J j pendt2] j pend[4] j pend[6] j pend[8] | pendtlO) ) 
// fixed servicing order, only update when controller dictates so 
if (req_update == 1) then ( 

if (even_pend == 1) then // even always first 

odd_even_sel - 0 
req_active = l 
els if (odd_pend 1 ) then // then check odd 

odd_even__sel n 0 
req_active * 1 
else // nothing active 

odd_even_sel = 0 
req_active = 0 

) 

// selected requestor 

req_sel[3;0J = (color_cnt[2 ;0) , oddLeven_sel } // concatenation 

The read address pointer logic consists of 12 2-bit counters and a word select pointer. The pointers are 
reset when dwu_go_pulse is one. The word pointer {word^ptr) is common to all buffers and is used to read 
out the 64-bit words from the DIU buffer. It is incremented when buf_rd_en is active. If the word j>tr is 3 
and tixebuf__rd_en is active the selected read pointer (rd _ptr[req_selj) will be incremented. A concatena- 
tion of the read pointer and the word pointer are use to construct the buffer read address. The read pointers 
are not reset at the end of each line. 
// determine which pointer to update 
if (dwu_go_pulse == 1) then 

rd_ptr{ll:0] « 0 

word_j)tr «= 0 

elsif (buf_rcL_en « 1) then { 

word_ptr++ 

if (worcLptr == 3 ) then 
rd_ptr [req_sel) 

} 

// create the address from the pointer, and word reader 
rd_adr[re<L_selJ = (rcLptr (retx^sel) ,word_ptr) // concatenation 

The read pointer block determines if the word being read from the DIU buffers is the last word of a line. 
The buffer address generator indicate the last dot is being written into the buffers via the line Jin signal. 
When received the logic marks the 256-bit word in the buffers as the last word. When the last word is read 
from the DIU buffer and transferred to DRAM, the flag for that word is reflected to the address generator. 
// line end set the flags 
if (dwu_go_pulse == 1) then 

las t_f lag [1:0] [1:0J = 0 
elsif (line_fin == 1 ) then 

//'determines the current 256-bit word even been written to 

Iast_flagt0] (wr_adrtOH2n =1 // even group flag 

// determines the current 256-bit word odd been written to 

last_flag(l] (wr_adr(l] {2) ] =1 // odd group flag 
// last word reflection to address generator 
last_wd = last_flog(odd_even_sel] [ rd_ptr [req_sel) [0] ] 
// clear the flag 
if (gx*oup_fin == l ) then 

last_flag [odd_even_sel] CrdLptr [req_sel] fO] J = 0 



When a complete line has been written into the DIU buffers (but has not yet been transferred to DRAM), 
the buffer address generator block will pulse the line Jin signal. The DWU must wait until all enabled 
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buffers are transferred to DRAM before signaling the LLU that a complete line is available in the dot line 
store (dwujlujinejwr signal). When the line Jin is received all buffers will require transfer to DRAM. 
Due to the arbitration, the even group will get serviced first then the odd. As a result the line finish pulse to 
the LLU is generated from the last Jlag of the odd group. 

// must be odd, odd group transfer complete and the last word 
dwu_llu_line_wr = odd_even_sel AND group_£in AND last_wd 
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31 Line Loader Unit (LLU) 

31.1 Overview 

The Line Loader Unit (LLU) reads dot data from the line buffers in DRAM and structures the data into 
even and odd dot channels destined for the same print time. The blocks of dot data are transferred to the 
PHI and then to the printhead. Figure 225 shows a high level data flow diagram of the LLU in context. 
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Figure 225. High level data flow diagram of LLU in context 



31.2 Physical requirement imposed by the printhead 

The DWU re-orders dot data into 1 2 separate dot data line FIFOs in the DRAM. Each FIFO corresponds to 
6 colors of odd and even data. The LLU reads the dot data line FIFOs and sends the data to the printhead 
interface. The LLU decides when data should be read from the dot data line FIFOs to correspond with the 
time that the particular nozzle on the printhead is passing the current line. The interaction of the DWU and 
LLU with the dot line FIFOs compensates for the physical spread of nozzles tiring over several lines at 
once. For further explanation see Section 30 Dotline Writer Unit (DWU) and Section 32 PrintHead Inter- 
face (PHI). Figure 226 shows the physical relationship of nozzle rows and the line time the LLU starts 
reading from the dot line store. 
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Figure 226. Paper and printhead nozzles relationship (example with D^D^S) 
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Within each line of dot data the LLU is required to generate an even and odd dot data stream to the PHI 
block. Figure 227 shows the even and dot streams as they would map to an example bi-lithic printhead. 
The PHI block determines which stream should be directed to which printhead IC. 
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Figure 227. Printhead structure and dot generate order 
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31 .3 DOT GENERATE AND TRANSMIT ORDER 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The LLU reads data 
from the dot line FIFO, generates an even and odd dot stream which is then re-ordered (in the PHI) into the 
transmit order for transfer to the printhead. 

Hie DWU separates dot data into even and odd half lines for each color and stores them in DRAM. It can 
store odd or even dot data in increasing or decreasing order in DRAM. The order is programmable but for 
descriptive purposes assume even in increasing order and odd in decreasing order. The dot order structure 
in DRAM is shown in Figure 219. 

The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of odd or even dots. The dot order may be increasing or decreasing depending on how the DWU 
was programmed to write data to DRAM. An example of the even and odd dot data streams to DRAM is 
shown in Figure 228. In the example the odd dot generator is configured to produce odd dot data in 
decreasing order and the even dot generator produces dot data in increasing order. 

The PHI block accepts the even and odd dot data streams and reconstructs the streams into transmit order 
to the printhead. 

The LLU line size refers to the page width in dots and not necessarily the printhead width. The page width 
is often the dot margin number of dots less than the printhead width. They can be the same size for full 
bleed printing. 
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Example: Line with 13624 dots, with 7:3 printhead 
Figure 228. Dot data generated and transmitted order 



31.4 LLU START-UP 

At the start of a page the LLU must wait for the dot line store in DRAM to fill to a configured level (given 
by FifoReadThreshold) before starting to read dot data. Once the LLU starts processing dot data for a page 
it must continue until the end of a page, the DWU (and other PEP blocks in the pipeline) must ensure there 
is always data in the dot line store for the LLU to read, otherwise the LLU will stall, causing the PHI to 
stall and potentially generate a print error. The FifoReadThreshold should be chosen to allow for data rate 
mismatches between the DWU write side and the LLU read side of the dot line FIFO. The LLU will not 
generate any dot data until FifoReadThreshold level in the dot line FIFO is reached. 

Once the FifoReadThreshold is reached the LLU begins page processing, the FifoReadThreshold is 
ignored from then on. 

When the LLU begins page processing it produces dot data for all colors (although some dot data color 
may be null data). The LLU compares the line count of the current page, when the line count exceeds the 
ColorRelLine configured value for a particular color the LLU will start reading from that colors FIFO in 
DRAM. For colors that have not exceeded the ColorRelLine value the LLU will generate null data (zero 
data) and not read from DRAM for that color. ColorRelLine [N] specifies the number of lines separating 
the N** 1 half color and the first half color to print on that page. 

For the example printhead shown in Figure 226, color 0 odd will start at line 0, the remaining colors will 
all have null data. Color 0 odd will continue with real data until line 5, when color 0 odd and even will 
contain real data the remaining colors will contain null data. At line 10, color 0 odd and even and color 1 
odd will contain real data, with remaining colors containing null data. Every 5 lines a new half color will 
contain real data and the remaining half colors null data until line 55, when all colors will contain real 
data. In the example ColorRelLine [0] ~5, ColorRelLine [1] =0, ColorRelLine [2] «15, ColorRelLine [3] 
=10.. etc. 
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J3 



It is possible to turn off any one of the color planes of data (via the Color Enable register), in such cases the 
LLU will generate zeroed dot data information to the PHI as normal but will not read data from the 
DRAM 



31.4.1 LLU bandwidth requirements 



The LLU is required to generate data for feeding to the printhead interface, the rate required is dependent 
on the printhead construction and on the line rate configured The maximum data rate the LLU can pro- 
duceis 12bits of dot data per cycle, but the PHI consumes at 12bits per phiclk cycle (2/3 pirate), i.e. 8 
bits per pclk cycle. Therefore the DRAM bandwidth requirement for a double buffered LLU is 8 bits per 
cycle on average. If 1.5 buffering is used then the peak bandwidth requirement is doubled to 16 bits per 
cycle but the average remains at 8 bits per cycle. Note that while the LLU and PHI could produce data at 
the 8 bits per cycle rate, the DWU can only produce data at 6 bits per cycle rate. 
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31.5 Implementation 

31.5.1 LLU partition 
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Figure 229. LLU partition 
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31 .5.2 Definitions of I/O 

Table 156. LLU I/O definition 





ss 


m 




docks and Resets 


pctk 


1 


fn 


System dock 


prst_n 


1 


In 


System reset, synchronous active low 


PHI Interface 
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Table 156. LLU I/O definition 





PEb - 


IM 




!lu_phLdata(1:0][5:0] 


2x6 


Out 


Dot Data from LLU to the PH 1, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active in flu _phj_avatl bus 


phiJlu.read>l1K)] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 - Even dot data stream 

1 • Odd dot data stream 


llu_phLavail[1:0] 


2 


Out 


Indicates valid data present on corresponding tlu_phi_data. 

0 - Even dot data stream 

1 - Odd dot data stream 


DIU Interface 


llu_diu_rreq 


1 


Out 


LLU requests DRAM read. A read request must be accompanied 
by a valid read address. 


llu_diu_radr{21 S] 


17 


Out 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_J!u_rack 


1 


In 


Acknowledge from DIU that read request has been accepted and 
new read address can be placed on flu_ctiu_radr 


diu_data[63:0) 


64 


In 


Data from DIU to LLU. Each access is 256-Wts received over 4 
cfock cydes 

First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 :1 28 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


diu_Bu_rvalid 




In 


SignaJ from DIU telling LLU that valid read data is on the diu_data 
bus 


DWU Interface 


dwu_lhi_line_wr 




In 


DWU line write. Indicates that the DWU has completed a full line 
write. Active high 


llu_dwu_Iine_rd 




Out 


LLU line read. Indicates that the LLU has completed a line read. 
Active high. 


dwujlu_cfifosize[1 1 :0][7:0] 


12x8 


tn 


Indicates the number of lines in the FIFO before the line increment 
will wrap around in memory. 


PCU Interface 


pcujlu_sel 




In 


Block select from the PCU. When pcuJ!u_s&J is high both pcu_adr 
and pcujdataout are valid. 


pcu_rwn 




In 


Common read/not-wrrte signal from the PCU. 


pcu_adrf7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout{31:0] 


32 


tn 


Shared write data bus from the PCU. ! 


llu _pcu_rdy 


1 


Out 


Ready signal to the PCU. When Uu_pcu_rdy is high it indicates the 
last cycle of the access. For a write cycle this means pcu_dataout 
has been registered by the block and for a read cycle this means 
the data on Hu_pcu_data is valid. 


nu_pcu_data[31:03 


32 


Out 


Read data bus to the PCU. 



31.5.3 Configuration registers 

The configuration registers in the LLU are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
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LLU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
LLU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of llu_pcu_data> Table 1 57 lists the configuration registers in the LLU. 



Table 157, LLU registers description 











Control Registers 








0x00 


Reset 


1 


0x1 


Active low synchronous reset self de-activating. A 
write to this register wiP cause a LLU block reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the LLU is programmed and 
ready to use. A low to high transition wfll cause LLU 
block internal states to reset 


Configuration 




0x08-0x38 


CotorBaseAdrf11:0] 


12x17 


0x0000 
0 


Specifies the base address (in words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C 


CotorEnaWe 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to ORAM for thai 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 Is Color 0 and so on. 


0x40 


UneSizo 


16 


0x0000 


Indicates the number of dots per line. 


0x44 


RfoReaoThreshoId 


8 


0x00 


Specifies the number of lines that should be in the 
FIFO before the LLU starts reading. 


0x48 - 0x78 


CoIorReHJnef11:0] 


12x8 


0x00 


Specifies the relative number of fines to wait from the 
first before starting to read dot data from the corre- 
sponding dot data FIFO 
Bus 0.1 - Even, Odd line color 0 
Bus 2,3 - Even, Odd line color 1 
Bus 4,5 - Even. Odd line color 2 
Bus 6.7 - Even, Odd line color 3 
Bus 8,9 - Even. Odd line color 4 
Bus 10,11 - Even, Odd line color 5 


Working Registers 


0x7C 


RfoRHLovel 


8 


0x00 


Number of lines in the dot line FIFO, line written in but 
not read out. (Read Only) 



A low to high transition of the Go register causes the internal states of the LLU to be reset All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the //w_go _pulse 
signal. 



The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store, is used to determine when a half line of data is read from DRAM. It is derived from 
the LineSize register by rounding up the nearest 256-bit value. The same value used for all half colors, 
if <line_sizeP:0] !=0 ) then 

color_line_inc[7:0) = linens ize £15 : 8] + 1 
else 

color_line_inc{7:0) = line_size [IS : 8) ; 
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31,5.4 Dot generator 
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Figure 230. Dot generator RTL Diagram 



The dot generator block is responsible for reading dot data from the DIU buffers and sending the dot data 
in the correct order to the PHI block. The dot generator waits for llujen signal from the fifo fill level block, 
once active it starts reading data from the 6 DIU buffers and generating dot data for feeding to the PHI. 

In the LLU there are two instances of the dot generator, one generating odd data and the other generating 
even data. 

At any time the ready bit from the PHI could be de-asserted, if this happens the dot generator will stop 
generating data, and wait for the ready bit to be re-asserted. 



31.5.4.1 Dot count 

In normal operation the dot counter will wait for the Uu_en and the ready to be active before starting to 
count. The dot count will produce data as long as the phi_llu_ready is active. If the phijlu^ready signal 
goes low the count will be stalled. 

The dot counter increments for each dot that is processed per line. It is used to determine the line finish 
position, and the bit select value for reading from the DIU buffers. The counter is reset after each line is 
processed (line Jin signal). It determines when a line is finished by comparing the dot count with the con- 
figured line size divided by 2 (note that odd numbers of dots will be rounded down). 

// define the line finish 
| if <dot_cnt{14:0J == line_size(15: l] ) chen 

line_f in = 1 
else 

line_fin = 0 
// determine if word is valid 

dot_active = ( (llu_en == 1} AND <phi_llu_ready == 1) AND <buf_emp ==0)) 
// counter logic 
if (llu_go_pulse == 1) then 
dot_cnt = 0 

elsif <<dot_active == 1) AND (line_fin == 1)) then 

dot_cnt « 0 
elsif (detractive «= 1) then 

dot_cnt = dot.cnt + 1 
else 

dot_cnt = dot_cnt 
// calculate the word select bits 
bit_sel[S:0) := dot_cnt(5;0] 
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The dot generator also maintains a read buffer pointer which is incremented each time a 64-bit word is 
processed. The pointer is used to address the correct 64-bit dot data word within the DIU buffers. The 
pointer is reset when llu^go^pulse is 1. Unlike the dot counter the read pointer is not reset each line but 
rounded up the nearest 256-bit word This allows for more efficient use of the DIU buffers at line finish. 

// read pointer logic 
if (llu_go_pulse == 1) then 
read__adr = 0 

elsif (( dot_active == I) AND (dot_cnt [5 : 0] = 63 ) ) then 

read_adr ++ // normal increment 

elsif (( dot_active == 1) AND (line_fin « 1 )) then { 
// special end of line case 
if (dot_cnt(7:0] != 0) then 

read_adr { 3 : 2 ) // end of line round up 

read_adr{l:0J = 0/ 

} 

31.5.5 Fifo fill level 

The LLU keeps a running total of the number of lines in the dot line store FIFO. Every time the DWU sig- 
nals a line end (dwujlujinejwr active pulse) it increments the fillievel. Conversely if the LLU detects a 
line end (Jine_rd pulse) the fillievel is decremented and the line read is signalled to the DWU via the 
llu_dwu_line_rd signal. 

The LLU fill level block is used to determine when the dot line has enough data stored before the LLU 
should begin to start reading. The LLU at page start is disabled. It waits for the DWU to write lines to the 
dot line FIFO, and for the fill level to increase. The LLU remains disabled until the fill level has reached 
the programmed threshold {fifo_read_thres). When the threshold is reached it signals the LLU to start pro- 
cessing the page by setting llujen high. Once the LLU has started processing dot data for a page it will not 
stop if the fillievel falls below the threshold 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. The CPU must toggle the Go register in the LLU for the block to be correctly initialized at page start 
and the fifo level reset to zero. 

if (llu_go__pulse « 1) then 
fillievel = 0 

elsif <(line_rd cn 1) AND <dwu_llu_line_wr == 1)) then 

//do nothing 
elsif ( linear d == 1) then 

fillievel -- 
elsif (dwu_llu_line_wr == 1) then 

fillievel ++ 

// determine the threshold, and set the LLU going 
if (llu_go_pulse « 1) then 
llu_en = 0 

elsif- (fillievel «= f ifo_jread_threshold » then 
llu_en = 1 
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31.5.6 DJU interface 
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Figure 231. DIU interface 
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31.5.6. 1 DiU interface description 

The DIU interface block is responsible for determining when dot data needs to be read from DRAM, keep- 
ing the dot generators supplied with data and calculating the DRAM read address based on configured 
parameters, FIFO fill levels and position in a line. 

The fill level block enables DIU requests by activating liu_en signal. The DIU interface controller then 
issues requests to the DIU for the LLU buffers to be filled with dot line data (or fill the LLU buffers with 
null data without requesting DRAM access, if required). 

At page start the DIU interface determines which buffers should be filled with null data and which should 
request DRAM access. New requests are issued until the dot line is completely read from DRAM. 

For each request to the DRAM the address generator calculates where in the DRAM the dot data should be 
read from. The color_enoble bus determines which colors are enabled, the interface never issues DRAM 
requests for disabled colors. 
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31.5.6.2 Interface controller 
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Figure 232. Interface controller state diagram 

The interface controller co-ordinates and issues requests for data transfers from DRAM. The state machine 
waits in Idle state until it is enabled by the LLU controller (llu_en) and a request for data transfer is 
received from the write pointer block. 

When an active request is received (req^octive equals 1) the state machine jumps to the ColorSelect state 
to determine which colors (color^cnt) in the group need a data transfer. A group is defined as all odd col- 
ors or all even colors. If the color isn't enabled (color ^enable) the count just increments, and no data is 
transferred. If the color is enabled, the state machine takes one of two options, either a null data transfer or 
an actual data transfer from DRAM. A null data transfer writes zero data to the DIU buffer and does not 
issue a request to DRAM. 

The state machine determines if a null transfer is required by checking the color _start signal for that color. 

If a null transfer is required the state machine doesn't need to issue a request to the DIU and so jumps 
directly to the data transfer states (DataO to Data3). The machine clocks through the 4 states each time 
writing a null 64-bit data word to the buffer. Once complete the state machine returns to the ColorSelect 
state to detenriine if further transfers are required. 

If the color _st art is active then a data transfer is required The state machine jumps to the Request state 
and issue a request to the DIU controller for DRAM access by setting llujtiu_rreq high. The DIU 
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responds by acknowledging the request (diujlu_rack equals 1) and then sending 4 64-bit words of data. 
The transition from Request to DataO state signals the address generator to update the address pointer 
(adr_update). The state machine clocks through DataO to Data3 states each time writing the 64-bit data 
into the buffer selected by the reqjsel bus. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required 

When in the ColorSelect state and all data transfers for colors in that group have been serviced (i.e. when 
color_cnt is 6) the state machine will return to the Idle state. On transition it will update the word counter 
logic {word_dec) and enabled the request logic (reqjupdate). 

A reset or llu_go_j>ulse set to 1 will cause the state machine to jump directly to Idle. The controller will 
remain in Idle state until it is enabled by the LLU controller via the llujzn signal. This prevents the DIU 
attempting the fill the DIU buffers before the dot line store FIFO has filled over its threshold level. 

31.5.6.3 Color activate 

The color activate logic maintains an absolute line count indicating the line number currently being pro- 
cessed by the LLU. The counter is reset when the llu_go_pulse is 1 and incremented each time a line_rd 
pulse is received. The count value (line^cnt) is used to determine when to start reading data for a color. 

The count is implemented as follows: 
if ( llu__go_jpulse =~ 1) then 

line_cnt = 0 
elsif ( line.rd == 1) then 

line_cnt +♦ 

The color activate logic compares line count with the relative line value to determine when the LLU 
should start reading data from DRAM for a particular half color. It signals the interface controller block 
which colors are active for this dot line in a page (via the color_stort bus). It is used by the interface con- 
troller to determine which DIU buffers require null data. 

Once the color _stort bit for a color is set it cannot be cleared in the normal page processing process. The 
bits must be reset by the CPU at the end of a page by transitioning the Go bit and causing a pulse on the 
llu_go^pulse signal. 

Any color not enabled by the color_enoble bus will never have its color _s tart bit set. 

for (i=0; i<12;i++> { 

if ( llu_go_pulse 1) then 

col_on[i] a 0 
elsif ( color_enable[i % 6] == 1 ) then 

col_on[i) « 0 
elsif { line_cnt « color_rel_line[i J ) then 

col_onti] - 1 

) 

// select either odd or even colors 

if { odd_even_sel « 1 ) then // odd selected 

color_s tart (5:0) = {col_on [ 11 } , col_on [9 J , col_on [7 J , col_on ( 5 ] , col_on (3 J , col_on [ 1 ) } 
else // even selected 

color_start(5:0) = (col_on(10) ,col_on(8] ,col_on[6] ,col_on(4J . col_on(2) ,col_on[0) ) 



31.5.6.4 Address generator 

The address generator block maintains 12 pointers (color_odrfII;0J) to DRAM corresponding to current 
read address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for the color. The pointer used is selected by the req_sel 
bus, and the pointer update is initiated by the odrjupdate signal from the interface controller. 
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The pointer update and pointer initialization is dependent on the pointer position in a line and the line posi- 
tion in the FIFO. 

When a llu_go_pulse is received the pointers are each initialized to the corresponding base address for that 
color (colorJ?ase_adr). For each word that is read from DRAM the pointer is incremented If the word is 
the last word in a line (last_wd equals 1) and the last line in the fifo ififojznd equals 1) then the address 
pointer is re-initialized to the base address value. The pointer is incremented for all other words. 

The address is calculated as follows: 
// reset to base address 
if (llu_go_pulse == 1) then 

color_adr 111:0] = color_base_adr [11 : 0] [21 : 5) 
elsif ( adr_update == 1) then 

if (req^sel == NULL ) then 
//do nothing 

elsif ((fifo_end == 1) AND <last_wd == 1)) then 

color_adr[req_sel] e color_base_adr (req_sel] [21 ; 5] 

else 

color_adr treq_sel] ♦+ // normal increment 
// select the address pointer 
llu_diu__radr = color_adr [reo_sel ] 



31.5.6.5 Line pointer 

The line pointer logic counts the number of dot data lines read from DRAM for each colon The counter 
value is used to signal the fifo wrap point to the address generator logic. A separate counter is maintained 
for each color. 

The end of a line can be determined when the address is updated (adrjupdate equal 1) and the word trans- 
ferred is the last word of a line (last^wd equal 1). The line pointer that needs to be updated is selected by 
the req_$el bus from the write pointer block. If the selected pointer is zero the counter is reset to the corre- 
sponding color _JiJb_fize value, otherwise the counter is decremented. 

If the llu_go_pulse signal is high the counters are reset to its corresponding color Jifo^size value. When 
the counter is zero it sets the fifo_end bit to signal the address generator that the fifo has wrapped (to 
update the address pointer accordingly). 

if < llu_go_pulse " 1) then 

line_pt[ll:0] = color_f ifo_size [ 11 : 0] 
elsif <<adr_update == 1) AND (last_wd == 1) ) then { 

if (line_pt Creq_selJ == 0) 

line_pt (req_sel) ■ color_f ifo_size { req_sel ] 

else 

line__pt (req_sell — 

> 

// select the correct line pointer for comparison 
fifo^end « <line_pt (line_pt ] ==0) 

31.5.6.6 Write pointer 

The write pointer logic maintains the buffer write address pointers, determines when the DIU buffers need 
a data transfer and signals when the DIU buffers are empty. The write pointer determines the address in the 
DIU buffer that the data should be transferred to. 

The write pointer logic compares the read and write pointers of each DIU buffer to determine which buff- 
ers require data to be transferred from DRAM (pendfll. OJ bus), and which buffers are empty (the 
buf_emp signals). Only enabled buffers are considered as indicated by the color_enable bus. 
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Buffers are grouped into odd and even buffers, if an odd buffer requires DRAM access the odd_pend sig- 
nals will be active, if an even buffer requires DRAM access the even j>end signals will be active. If both 
odd and even buffer require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req_active 
signal, with the odd_even_?el signal determining which group of buffers get serviced. The interface con- 
troller will check the color_enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the write pointer logic to update the request pending via 
reqjupdate signal. 

The req_sel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_even__sel signal and the color __cnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and write pointer for the corresponding buffer are updated. The req^el 
determines which pointer should be incremented. 

The write pointer logic operates the same way regardless of whether the transfer is null or not. 

// determine which buffers need updates 
for( i»0; i<12; i++) { 

// determine if readiest is active, filtered by color enable 
if ( wr^adrtij [3:2J == rd_adr [ i ] [3 .2 ] ) 

pend[i] ■ 1 
else 

pend [ i ] = 0 
// determine if any enabled buffer is enpty 

if <<wr_adr[ij [3:0] rd_adr [i] f3 :0J > AND <color_enablefi / 2] == 1) > then 
buf_emp[i] = 1 

) 

// Odd half colors (1,3,5,7,9,11) , even half colore (0,2,4,6.8,10) 
odoLpend *» ( pend[lj | pend[3] | pendCS) | pend[7] | pend(9) | pend(ll] ) 
evenjend = ( pendfOJ | pend(2j j pend[4] | pend{6) | pend(8) j pend(10J ) 
// fixed servicing order, only update when controller dictates so 
if <req_update 1) then { 

if (even_pend == 1) then // even always first 

odd_even_sel = 0 

req_active = 1 
elsif (odcSLpend =* 1 ) then // then check odd 

odd_even_sel = 0 

req_active - \ 



odd_even__sel = 0 
re<i_active = 0 

> 

// selected requestor 

reo_sel{3:0J B {color_cnt (2 : 0] , odd_even_sel> // concatentation 



The write address pointer logic consists of 12 2-bit counters and a word select pointer. The counters are 
reset when llu_go^yulse is one. The word pointer (word^ptr) is common to all buffers and is used to write 
64-bit words into the DIU buffer, ft is incremented when bufjrd_en is active. If the word jytr is 3 and the 
buf__rd_en is active the selected write pointer (wr^ptrfreq^eij) will be incremented. A concatenation of 
the write pointer and the word pointer are use to construct the buffer write address. The write pointers are 
not reset at the end of each line. 



// determine which pointer to update 
if (buf_wr_en == 1) then ( 

wr_adr ( req_sel ] + + 

wr_en(req_sel] = 1 

> 



else 



// nothing active 
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// determine which pointer to update 
if (llu_go_pulse == 1) then 

wr_ptr[ll;0) = 0 

word_j?tr = 0 
elsif (buf_rd_en == 1) then { 

worcLptr ♦ ♦ 

if <word_ptr « 3 ) then 
wr_p t r { req_.se 1 J ♦ ♦ 

} 

// create the address from the write pointer and word pointer 
wr_adr(re<i_sel] = {wr_ptr [req_sel ] . word_ptr) // concatenation 



J3 



31.5.6.7 Word count 



The word count logic maintains 2 counters to track the number of words transferred from DRAM per line 
one counter for odd data, and one counter for even. On receipt of a Uu_go^mlse t the counters are initial 

f^Ta £ S rJ ^™ ^ (nUmber ofwords ^cn a group of words are transferred to 

DRAM as indicated by the word_dec signal from the interface controller, the corresponding counter is 
decremented The counter to decrement is indicated by the odd_even_sel signal from the write pointer 
block (even =» 0, odd =1). 

When a counter is zero the last_wd signal for that group (i.e. odd or even) is set. The lastjwd signal indi- 
cates to the address generator that the next word transferred from DRAM for the corresponding color is the 
last word in the line. When the last word actually gets transferred the interface controller will pulse the 
word_dec signal causing the corresponding word count to reset to the color Jinejnc value. 

// determine which counter to decrement 
if (llu_go_pulse « 1) then 

word_cnt[0] = color_line_inc // odd count 

word_cntll) = color_line_inc // even count 
elsif <wo«L_de C « I) then ( // need to decrement one word CQunter 

if <word_cntlodd_even_sel] == 0 ) then // line finish 

word_cnt (odd_even_sel ] = color_line_inc 

else 

word_cnt [odd_even_sel)-- 

) 

// select the correct the last_wd 
last_wd = (word_cnt[odcL_even_sel] 0) 

The word count logic also deterrnines when a complete line has been read from DRAM, it then signals the 
fife .fill ^ level logic in both the LLU and DWU (via line_rd signal) that a complete line has been read by the 
LLU (llu__dwu_lin e_rd). J 
// line finish logic 
if <llu_go_pulse == 1) then 

line_ fin = 0 

line_rd = 0 

elsif ((lasted l) AND (line_fin == 0) AND (word_dec =« 1 ) ) then 
lxne_fin =1 // first group i ast _ wd finish pulse 

lxne_rd = 0 

elsif <<l 0 st_wd «- l) and <line_fin 1) AND (word_dec == 1 ) ) then 
line_fxn - 0 // second group last_wd finish pulse 

1 i ne_rd =1 

else 

line_fin = line_fin // stay the same 

line_rd = 0 
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32 PrintHead Interface (PHI) 

32.1 Overview' 

The Printhead interface (PHI) accepts dot data from the LLU and transmits the dot data to the printhead, 
using the printhead interface mechanism. The PHI generates the control and timing signals necessary to 
load and drive the bi-iithic printhead. The CPU determines the line update rate to the printhead and adjusts 
the line sync frequency to produce the maximum print speed to account for the printhead IC's size ratio 
and inherent latencies in the syncing system across multiple SoPECs. 

The PHI also needs to consider the order in which dot data is loaded in the printhead. This is dependent on 
the construction of the printhead and the relative sizes of printhead ICs used to create the printhead. See 
Bi-lithic Printhead Reference document for a complete description of printhead types [10]. 

The printing process is a real-time process. Once the printing process has started, the next Printline's data 
must be transferred to the printhead before the next line sync pulse is received by the printhead. Otherwise 
the printing process will terminate with a buffer underrun error. 

The PHI can be configured to drive a single printhead IC with or without synchronization to other 
SoPECs. For example the PHI could drive a single IC printhead (i.e. a printhead constucted with one IC 
only), or dual IC printhead with one SoPEC device driving each printhead IC. 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead to: ' 

• determine printhead temperature 

• test for and determine dead nozzles for each printhead IC 

• initialize each printhead IC 

• pre-heat each printhead IC 

Figure 233 shows a high level data flow diagram of the PHI in context. 
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Figure 233. High level data flow diagram of PHI in context 
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32.2 Print head mooes of operation 

The printhcad has 4 different modes of operations (although some modes are re-used). The mode of oper- 
ation is denned by the state of the output pins phijsyncl and phi_readl. As both printhead ICs are driven 
by the same signals both printhead ICs must be in the same mode of operation. The modes of operation are 
denned in Table 158. 



Table 158. Printhead modes of operation 







ins 




NORMAL 


1 


1 


N/A 


Normal print mode, dot data 2s clocked into the print- 


DOTJJDAD/ 
FIREJNfT 


1 


0 


phLfoci*=0 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot latch on the falling edge of 
phijsynd, and latched in on the rising edge of 
phljsyncl 


pN_srdk=-\ 


Fire load mode. Parameter for generating fire pattern 
are loaded into generator, data on phi_ph_data[1:0][0) 
Is clocked into the generator on each rising edge of 
phijrdk 


TEST_MODE 


0 


0 


phLfrctkzQ 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot register on the rising edge of 
phijsynd, identical to DOTJ_OAD 


phi_srdk=0 


The printhead is in test mode, the temperature delta 
sigma is clocked out of the printhead on the rising of 
frclk through phi_j)h^data[1:0][1] 
The result of the nozzle test is clocked out of the print* 
head through f>hi_ph_<tetal1:0][0] 


RREJ3EN 


0 


1 


N/A 


The nozzle test circuit is reset 

CMOS testing mode, the dot shift register is scanned 

out of the printhead on the falling edge of phLsrdk. 

Data is output on phi _ph_tfata[1:0][1:0] 

The initialised generator creates the fire pattern and 

shift select pattern, and the pattern Is clocked into the 

fire shift register and select shift register on the rising 

edge of phLfodk 



32.3 Data rate equalization 



The LLU can generate dot data at the rate of 12 bits per cycle, where a cycle is at the system clock fre- 
quency. In order to achieve the target print rate of 30 sheets per minute, the printhead needs to print a line 
every 100u* (calculated from 300mm @ 65.2 dots/mm divided by 2 seconds =~ lOOusec). For a 7:3 con- 
structed pnnthead this means that 9744 cycles at 106Mhz is quick enough to transfer the dot data. The 
input FIFOs are used to de-couple the read and write clock domains as well as provide for differences 
between consume and fill rates of the PHI and LLU. 

Nominally the system clock (pclk) is run at I60Mhz and the printhead interface clock (phiclk) is at 
lOoMhz. 

If the PHI was to transfer data at the full printhead interface rate, the transfer of data to the shorter print- 
head IC would be completed sooner than the longer printhead 1C. While in itself this isn't an issue it 
requires that the LLU be able to supply data at the maximum rate for short duration, this requires uneven 
bursty access to DRAM which is undesirable. To smooth the LLU DRAM access requirements over time 
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the PHI transfers dot data to the printhead at a pre-programmed rate, proportional to the ratio of the shorter 
to longer printhead ICs. 



Wtthoul Rate equalization (7:3 head) 

phijsynd |J 
phi Lj>h_data(0II1 :0J | 7 , 
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Figure 235. Printhead data rate equalization 

The printhead data rate equalization is controlled by PrintHeadRate[l:OJ registers (one per printhead IC). 
The register is a 16 bit bitmap of active clock cycles in a 16 clock cycle window. For example if the regis- 
ter is set to OxFFFF then the output rate to the printhead will be full rate, if it's set to OxFOFO then the out- 
put rate is 50% where there is 4 active cycles followed by 4 inactive cycles and so on. If the register was 
set to 0x0000 the rate would be 0%. The relative data transfer rate of the printhead can be varied from 0- 
1 00% with a granularity of 1 /l 6 steps. 



Table 159. Example rate equalization values for common printheads 









8:2 


OxFFFF (100%) 


0x1111 (25%) 


7:3 


OxFFFF (100%) 


0x5551 (43.7%) 


6:4 


OxFFFF (100%) 


0xFlF2(68.7%) 


5:5 


OxFFFF (100%) 


OxFFFF (100%) 



If both printhead ICs are the same size (e.g. a 5:5 printhead) it may be desirable to reduce the data rate to 
both printhead ICs, to reduce the read bandwidth from the DRAM. 
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32.4 Dot generate and transmit order 

Several printhead types and arrangements exists (see Section 35 Memjet Printhead) . The PHI is capable of 
driving all possible configurations, but for the purposes of simplicity only one arrangement (arrangement 0 
• see Section 35 Memjet Printhead) is described in the following examples. 



Dot Transmit 
Order ~ 



QOQO- 
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O O O Q' 
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m-5 ro-3 m- 1 




o o o 



■o o o o 



Q O O - 



m+l ta+3 m+5 



n-6 n-4 jv2 



■000 0 



n-5 d>3 o-l 





Type 0 printhead IC 


Type 1 printhead IC 






Paper 


M - Midway point in dots 




N - Number of dots in a line 


Note: Paper passing under printhead 



5 Lines 



Paper 
Direction 



Figure 236. Printhead structure and dot generate order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The PHI accepts two 
streams of dot data from the LLU, one even stream the other odd. The PHI constructs the dot transmit 
order streams from the dot generate order received from the LLU. Each stream of data has already been 
arranged in increasing or decreasing dot order sense by the DWU. The exact sense choice is dependent on 
the type of printhead ICs used to construct the printhead, but regardless of configuration the odd and even 
stream should be of opposing sense. 

The dot transmit order is shown in Figure 236. Dot data is shifted into the printhead in the direction of the 
arrow, so from the diagram (taking the type 0 printhead IC) even dot data is transferred in increasing order 
to the mid point first (0, 2, 4, m-6, m-4, m-2), then odd dot data in decreasing order is transferred (m-1, 
m-3 f m-5,...., 5, 3, 1). For the type 1 printhead IC the order is reversed, with odd dots in increasing order 
transmitted first, followed by even dot data in decreasing order. Note for any given color the odd and even 
dot data transferred to the printhead ICs are from different dot lines, in the example in the diagram they are 
separated by 5 dot lines. Table 1 60 shows the transmit dot order for some common A4 printheads. Differ- 
ent type printheads may have the sense reversed and may have an odd before even transmit order or vice 
versa. 



Table 160. Example printhead ICs, and dot data transmit order for A4 (13824 dots) page 



mm 


PPPii! 




— 


Type 0 Printhead IC 


8 


11160 


0.2,4,8 ,5574.5576.5578 


5579.5577,5575 7,5,3,1 | 


7 


9744 


0.2.4,6 4866,4868,4870 


4871 ,4869,4867 7.5.3,1 


6 


8328 


0,2,4,8„...,4158,4160,4162 


4163.4161,4159 7,5.3,1 


5 


6912 


0,2,4.8 ,3450,3452,3454 


3455.3453.3451 7,5.3.1 


4 


5496 


0.2,4.8 .2742,2744,2746 


2847,2845,2843 7.5.3.1 


3 


4080 


0.2.4,8 ,2034,2036.2038 


2039,2037,2035 7.5,3,1 
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J3 



Table 160. Example prlnthead ICs, and dot data transmit order for A4 (13824 dots) page 







mmmmmmmsm 


2 I 2664 [ 0,2,4,8 1326,1328,1330 | 1331,1329,1327 7.5,3.1 


Type 1 Prlnthead tC 


8 


11160 


1 3823,13821 .1381 9 1337.1335,1333 


1332,1334,1336 13818,13820.13822 


7 


9744 


13823,13821,13819 2045,2043.2041 


2040,2042,2044 13818,13820,13822 


6 


8328 


13823.13821.13819 2853,2851,2849 


2848.2850.2852 13818,13820.13822 


5 


6912 


13823.13821.13819 3461,3459,3457 


3456,3458.3460 13818,13820,13822 


4 


5496 


13823,13821.13819 4169.4167,4165 


4164.4166.4168 13818,13820,13822 


3 


4080 


13823.13821,13819 4877,4875,4873 


4872,4874.4876 13818,13820,13822 


2 


2664 


13823.13821,13819 5585.5583.S581 


5580 ,5582,5584 1 381 8. 1 3820, 1 3822 



32.4.1 Dual Prlnthead IC 

Generate dot order (from the LLU) 



Odd Dot stream 
Even Dot stream 



Transmit dot order(to the printhead) 



6912 dock cycles 

Mid 
Point 



















WS&Js 




< 


4872 clock cyctes 


«H0 dock cycles " 

9744 dock cvcles 


► 



Even dots from Line Y 
Odd dots from Une Y-5 



Example: Une with 1 3824 dots, with 7:3 printhead 
Figure 237. Dot data generated and transmitted order 



The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of dots in increasing or decreasing order. A dot generator can be configured to produce odd or even 
dot data streams, and the dot sense is also configurable. In Figure 237 the odd dot generator is configured 
to produce odd dot data in decreasing order and the even dot generator produces dot data in increasing 
order. 

In order to reconstruct the dot data streams from the generate order to the transmit order, the connection 
between the generators and transmitters needs to be switched at the mid point. At line start the odd dot 
generator feeds the type I printhead, and the even dot generator feeds the type 0 printhead. This continues 
until both printheads have received half the number of dots they require (defined as the mid point). The 
mid point is calculated from the configured printhead size registers (PrintHeadSize). Once both printheads 
have reached the mid point, the PHI switches the connections between the dot generators and the print- 
head, so now the odd dot generator feeds the type 0 printhead and the even dot generator feeds the type 1 
printhead. This continues until the end of the line. 
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It is possible that both printheads will not be the same size and as a result one dot generator may reach the 
mid point before the other. In such cases the quicker dot generator is stalled until both dot generators reach 
the mid point, the connections are switched and both dot generators are restarted 

Note that in the example shown in Figure 237 the dot generators could generate an A4 line of data in 6912 
cycles, but because of the mismatch in the printhead IC sizes the transmit time takes 9744 cycles. 

Single printhead IC 

In some cases only one printhead IC may be connected to the PHI. In Figure 238 the dot generate and 
transmit order is shown for a single IC printhead of 9744 dots width. While the example shows the print- 
head IC connected to channel A, either channel could be used. The LLU generates odd and even dot 
streams as normal, it has no knowledge of the physical printhead configuration. The PHI is configured 
with the printhead size (PrintHeadSizefl] register) for channel B set to zero and channel A is set to 9744. 

Generate dot order (from the LLU) 



Odd Dot stream 
Even Dot stream 




4872 clock cydes 



| 32.4.2 
I 

I 



Mid 
Point 



Transmit dot order(to the printhead) 
Printhead Channel A ^^^^^^^^^^^^^M 



Printhead Channel B 



4672 dock cycles 4872 clock cycles 



9744 clock cydes w 

Even dots from Line Y 

Odd dots from Une Y-5 Example: Une with 9744 dots, with 7:0 printhead 

Figure 238. Dot data generated and transmitted order (single printhead case) 

Note that in the example shown in Figure 238 the dot generators could generate an 7 inch line of data in 
4872 cycles, but because the printhead is using one IC, the transmit time takes 9744 cycles, the same speed 
as an A4 line with a 7:3 printhead 



32.4.3 Summary of generate and transmit order requirements 

In order to support all the possible printhead arrangements, the PHI (in conjuction with the LLU/DWU) 
must be capable of re-ordering the bits according to the following criteria: 

• Be able to output the even or odd plane first 

• Be able to output even and odd planes independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 
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32.5 Print sequence 

The PHI is responsible for accepting dot data streams from the LLU, restructuring the dot data sequence 
and transferring the dot data to each printhead within a line time (i.e before the next line sync). 

Before a page can be printed the printhead ICs must be initialized The exact initialization sequence is con- 
figuration dependent, but will involve the fire pattern generation initialization and other optional steps. The 
initialization sequence is implemented in software. 

Once the first line of data has been transferred to the printhead, the PHI will interrupt the CPU by asserting 
the phijcu_print_rdy signal. The interrupt can be optionally masked in the ICU and the CPU can poll the 
signal via the PCU or the ICU. The CPU must wait for a print ready signal in all printing SoPECs before 
starting printing. 

Once the CPU in the PrintMaster SoPEC is satisfied that printing should start, it triggers the LineSync- 
Master SoPEC by writing to the PrintStart register of all printing SoPECs. The transition of the PrintStart 
register in the LineSyncMaster SoPEC will trigger the start of Isyncl pulse generation. The PrintMaster 
and LineSyncMaster SoPEC are not necessarily the same device, but often are the same. For a more in 
depth definition see section 12.3 Multi-SoPEC systems on page 104. 

Writing to the PrintStart register generates a pulse which is used to generate the line sync in the LineSyn- 
cMaster which is in turn used to align all SoPECs in a multi-SoPEC system. All printhead signaling is 
aligned to the line sync. The PrintStart is only used to align the first line sync in a page. 

When a SoPEC receives a line sync pulse it means that the line previously transferred to the printhead is 
now printing, so the PHI can begin to transfer the next line of data to the printhead. When the transfer is 
complete the PHI will wait for the next line sync pulse before repeating the cycle. If a line sync arrives 
before a complete line is transferred to the printhead (i.e. a buffer error) the PHI generates a buffer under- 
run interrupt, and halts the block. 

For each line in a page the PHI must transfer a full line of data to the printhead before the next line sync is 
generated or received. 

32.5.1 Sync pulse control 

If the PHI is configured as the LineSyncMaster SoPEC it will start generating line sync signals LsyncPre 
number oiphiclk cycles after PrintStart register rising transition is detected. All other signals in the PHI 
interface are referenced from the falling edge of phijsyncl signal. 

If the SoPEC is in line sync slave mode it will receive a line sync pulse from the LineSyncMaster SoPEC 
through ih& phijsyncl pin which will be programmed into input mode. The phijsyncl input pin is treated 
as an asynchronous input and is passed through a de-glitch circuit of programmable de-glitch duration 
(LsyncDeglitchCnt). 

The phijsyncl will remain low for LsyncLow cycles, and then high for LsyncHigh cycles. The phijsyncl 
profile is repeated until the page is complete. The period of the phijsyncl is given by LsyncLow + Lsyn- 
cHigh cycles. Note that the LsyncPre value is only used to vary the time between the generation of the first 
phijsyncl and the PageStart indication from the CPU. See Figure 239 for reference diagram. 

If the SoPEC device is in line sync slave mode, the LsyncMinPeriod register specifies the minimum 
allowed phijsyncl period. Any phijsyncl pulses received before the LsyncMinPeriod has expired will 
trigger a buffer underrun error. 

32.5.2 Shift register signal control 

Once the PHI receives the line sync pulse, the sequence of data transfer to the printhead begins. All PHI 
control signals are specified from the falling edge of the line sync. 
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The phi_srclk (and consequently phi_ph_data) is controlled by the SrclkPre, SrclkPost registers. The 
SrclkPre specifies the number of phiclk cycles to wait before beginning to transfer data to the printhead. 
Once data transfer has started, the profile of the phi_srclk is controlled by PrintHeadRate register and the 
status of the PHI input FIFO. For example it is possible that the input FIFO could empty and no data 
would be transferred to the printhead while the PHI was waiting. After all the data for a printhead is trans- 
ferred to the PHI, it counts SrclkPost number of phiclk cycles. If a new phijsyncl falling edge arrives 
before the count is complete the PHI will generate a buffer undermn interrupt {phijcu_underruny 



32.5.3 Firing sequence signal control 



The profile of the phijrclk pulses per line is determined by 4 registers FrclkPre, FrclkLow, FrclkHigh, 
FrclkNum. The FrclkPre register specifies the number of cycles between line sync railing edge and the 
phijrclk pulse high. It remains high for FrclkHigh cycles and then low for FrclkLow cycles. The number 
of pulses generated per line is determined by FrclkNum register. 

The phi^profile pin is specified in a similar manner by the ProfilePre, ProfileLow 9 ProfileHigh, ProfileNum 
registers. 

The phijrclk period and the phi_profile period should be programmed the same, so FrclkHigh + FrclkLow 
should equal the ProfileHigh + ProfileLow, and the number of cycles for each in a line time should also be 
equal i.e. FrclkNum = ProfileNum, 

The total number of cycles required to complete a firing sequence should be less than the phijsyncl period 
i.e. {{ProfileHigh + ProfileLow) * ProfileNum)+ ProfilePre < (LsyncLow + LsyncHigh). 
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Figure 239. Printhead interface timing parameters 



Figure 239 details the timing parameters controlling the PHI. All timing parameters are measured in num- 
ber of phiclk cycles. 



32.5.4 Page complete 

The PHI counts the number of lines processed through the interface. The line count is initialised to the 
PageLenLine and decrements each time a line is processed. When the line count is zero it pulses the 
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phijcujpagejmish signal. A pulse on the phijcu_pagejinish automatically resets the PHI Go register, 
and can optionally cause an interrupt to the CPU. Should the page terminate abnormally, i.e. a buffer 
underrun, the Go register will be reset and an interrupt generated. 



The PHI will generate an interrupt to the CPU after a predefined number of line syncs have occured. The 
number of line syncs to count is configured by the LineSyncInterrupt register. The interrupt can be dis- 
abled by setting the register to zero. 



The PHI block allows the generation of margins either side of the received page from the LLU block. This 
allows the page width used within PEP blocks to differ from the physical printhead size. 

This allows SoPEC to store data for a page minus the margins, resulting in less storage requirements in the 
shared DRAM and reduced memory bandwidth requirements. The difference between the dot data line 
size and the line length generated by the PHI is the dot line margin length. There are two margins specified 
for any sheet, a margin per printhead IC side. 

The margin value is set by programming the DotMargin register per printhead IC. It should be noted that 
the DotMargin register represents half the width of the actual margin (either left or right margin depending 
on paper flow direction). For example, if the margin in dots is 1 inch (1600 dots), then DotMargin should 
be set to 800. The reason for this is that the PHI only supports margin creation cases 1 and 3 described 
below. 



32.5.5 Line sync interrupt 



32.6 



Dot line margin 
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See example in Figure 240. 



Margin 
(200<k>ts) 

1+ M- 



Print area(4772 dots) 




Paper 
Direction 



Casol 



Isynd LT 




Ffgure 240. Printhead timing with margining 



In the example the margin for the type 0 printhead IC is set at 100 dots {DotMargin=\00\ implying an 
actual margin of 200 dots. e 

If case one is used the PHI takes a total of 9144 phi^lk cycles to load the dot data into the type 0 print- 
head. It also requires 9744 dots of data from the LLU which in turn gets read from the DRAM. In this case 
the first 100 and last 1 00 dots would be zero but are processed though the SoPEC system consuming mem- 
ory and DRAM bandwidth at each step. * 

In case 2 the LLU no longer generates the margin dots, the PHI generates the zeroed out dots for the mar- 
gmmg. The phi_srclk still needs to toggle 9744 times per line, although the LLU only needs to generate 
9544 dots giving the reduction in DRAM storage and associated bandwidth. The case 2 senario is not sup- 
ported by the PHI because the same effect can be supported by means of case 1 and case 3. 

i^fV ? thebenefits of case 2 are achieved, but the phUrclk no longer needs to toggle the full 
i nrwfj^ Y ycles * 711(5 Pto^rclk cycles count can be reduced by the margin amount (in this case 9744- 
100=9644 dots), and due to the reduction mphUrclk cycles the phi^lsyncl period could also be reduced, 
increasing the line processing rate and consequently increasing print speed Case 3 works by shifting the 
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odd (or even) dots of a margin from line Y to become the even (or odd) dots of the margin Y-4, (Y-5 
adjusted due to being printed one line later). This works for all lines with the exception of the first line 
where there has been no previous line to generate the zeroed out margin. This situation is handled by add- 
ing the line reset sequence to the printhead initialization procedure, and is repeated between pages of a 
document. See section 32.8.3 on page 512. 

32.7 Dot counter 

For each color the PHI keeps a dot usage count for each of the color planes (called AccumDotCount). If a 
dot is used in particular color plane the corresponding counter is incremented. Each counter is 32 bits wide 
and saturates if not reset. A write to the DotCountSnap register causes the AccumDotCount [N] values to 
be transferred to the DotCount[NJ registers (where N is 5 to 0, one per color). The AccumDotCount regis- 
ters are cleared on value transfer. 

The DotCountfN] registers can be written to or read from by the CPU at any time. On reset the counters 
are reset to zero. 

The dot counter only count dots that are passed from the LLU through ther PHI to the printhead. Any dots 
generated by direct CPU control of the PHI pins will not be counted. 

32.8 CPU IO CONTROL 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead: 

• Determine printhead temperature 

• Test for and determine dead nozzles for each printhead IC 

• Printhead IC initialization 

• Printhead pre-heat function 

The CPU can gain direct control of the printhead interface connections by setting the PrintHeadCpuCtrl 
register to one. Once enabled the printhead bits are driven directly by the PrintHeadCpuOut control regis- 
ter, where the values in the register are reflected directly on the printhead pins and the status of the print- 
head input pins can be read directly from the PrintHeadCpuIn. The direction of pins is controlled by 
programming PrintHeadCpuDir register. The register to pin mapping is as follows: 



Table 161. CPU control and status registers mapping to printhead Interface 







PrintHeadCpuOut 


IK) 


phi_ph_data_o[0][1 :0] 


3:2 


phi _ph_data_o[1 ][1 :0J 


4 


phlJsyncLo 


5 


phLreadl 


7:6 


phLsrdk[1 :0] 


8 


phLfrdk 


9 


phLprofile 
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Table 161. CPU control and status registers mapping to prlnthead Interface 









PrintHeadCpuDIr 


1:0 


phLph_data_e[0][1:0] direction control. 
1 - output mode 
0 - input mode 




3:2 


phl_ph_data_e[1J(1 :0] direction control 
1 • output mode 
0 - input mode 




4 


phlJsyncLe direction control 
1 - output mode 
0 • input mode 


PrintHeadCpuIn 


1:0 


phU>h_dataJ[0][1:0] 




3:2 


phf_ph_data_i[1J[1:0] 




4 


phljsyncij j 



It is important to note that once in PrintHeadCpuCtrl mode it is the responsibility of the CPU to drive the 
printhead correctly and not create situations where the printhead could be destroyed such as activating all 
nozzles together. 

Note the following procedures are based on current printhead capabilities, and are subject to change. 

32.8.1 Dead nozzle information capture 

The CPU (via the direct printhead control mechanism) has the capability of testing each of the nozzles in 
the printhead and determining which nozzles are dead, the resultant dead nozzle information is processed 
by the CPU to generate the dead nozzle table used by the DNC. 

32.8.1.1 Nozzle test procedure 

The nozzle test software must first initialize the fire partem generator for each printhead IC as normal, then 
it must initialize the fire pattern register as normal. The fire pattern generator parameters must be chosen 
so as to create a fire pattern where only one nozzle is firing at a time. 

For example if the printhead is constructed with a 7:3 configuration where the left printhead is 7 inches 
and the right 3 inches. The fire pattern length is equal to the number of dots in a half line (NLEN*=n- 
1, where n = 9744 / 2 = 4872), the COUNT=l and B=0. The fire generator in the printhead needs to be ini- 
tialized with NLEN=4871, COUNT-1, B=0. See Section 32.8.4 for exact details on how to program the 
fire pattern generator. 

Once the generator is setup the nozzle test software puts the printhead into FIRE_GEN mode and the fire 
pattern is loaded into the fire shift registers. 

The next step is to load the dot data shift registers with a test pattern. Any test pattern could be used it 
should be chosen so as to allow only one color to fire at a time. Once the printhead shift registers are ini- 
tialized the software can begin the nozzle test sequence. 

The printhead is put in FIRE_GEN mode which resets the test circuit, both phijsrclk and phi Jrclk are held 
inactive. After a pre-determined time the printhead is put in TEST_MODE where the nozzle is tested. 

The test software toggles phi_profile output pin and then samples the test result on the phi_ph__data pin. 
The test software then generates one phi Jrclk pulse to advance the fire pattern and repeats the profile 
pulse and test result capture as before. This procedure is repeated for all dots in the half dot line. Once the 
test result for a particular dot line is complete the whole procedure is repeated 1 2 times once for each half 
dot line. 
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The dead nozzle software collates all the nozzles test results and produces the dead nozzle table for use by 
the DNC. 



^ FIRE INfT ^ 4 FIRE GEN ^ ^ NORMAL ^ ^IRE GEN ^ ^EST ,MOD^ ^RE_GEN ^ ^EST_MQg£ 

pNJsvn d 1 | | . ; • 

phLreadl — — [ | | 

p* 1 -* 0 * i^i^g^a^Ba 



phi_profite f]__ 



fire init data Test pattern Data Nozzle test resiit 

\est Repeated Nozzle time/ 

Figure 241. Nozzle Test Modes & Setup 



32.8.2 Temperature capture 

Occasionally the CPU will need to sample the printhead temperature and possibly adjust the firing profile 
based on the result. 

To capture the printhead temperature, the printhead must be put into TEST_MODE, and the 
phi^phjdataj pin input mode. The CPU will toggle the phijrclk and then sample the phi_ph__dataji to 
capture the temperature data. The cycle is repeated N times, and the N bits of data are used to generate the 
printhead temperature value. The temperature capture waveform is shown in Figure 242. 

The exact number of bits required (i.e. >Q and the temperature value generation mechanism is currently 
undefined. 
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Figure 242. Temperature Capture Waveform 
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32.8.3 Printhead initialization procedure 

In order to use the printhead for the first time the CPU must download parameters for controlling the fire 
pattern generator. The download is performed by entering the FIRJEJNIT mode and data is transferred 
through the phi_ph_data[l:0][0] pins (one pin per printhead IC) and clocked into the printhead on the ris- 
ing edge of phi Jrclk. In total 29 clock cycles are required to transfer the full set of parameters. 



Table 162. Parameters for Fire Pattern Initialization 









NLEN 


14 


Fire pattern length. Values defines the length of the fire pat- 
tern. NLEN=N-1 where N Is the pattern length. 


COUNT 


14 


Defines the remaining number of dock cycles required to 
generate the Fire Pattern. Is given by COUNTS (Lg/2) Mod 
N -1 whore is the dot length of longer printhead or 
COUNT = (1^ - U -((L* /2) mod N)) Mod N -1 for the shorter 
printhead 


B 


1 


Select shift register inversion bit. 



Once the generator is initialized the fire pattern and select pattern need to be created and shifted into their 
respective shift registers. The printheads are put into FIREJ3EN mode and the phijrclk is toggled 
times, where is the length of the longer printhead in dots. As phi Jrclk is a common signal for both 
printheads it means that if the printhead ICs are of different length one printhead IC will get clocked too 
many times by phijrclk. The fire pattern generator internal in each printhead IC takes account of this. See 
Section 32.8.4 Fire pattern generator. 

If dot line m a r g inin g is to be used the dot data registers in the margining region in the printhead IC need to 
be initialized to zero before any line is printed. See section 32.6 on page 507 for a full explanation of dot 
line margin setup. The CPU does this by entering NORMAL_MODE and fills the dot data shift register 
with zeros. This is performed by clocking the phi_srclk to each printhead dot margin times for the each 
printhead IC. Asphi_$rclk is not common to both printhead ICs the number of clock cycles can be differed 
to each printhead IC. 

Once the printhead initialization is complete control of the printhead can be released to the PHI to allow 
printing to begin. 



32.8.4 Fire pattern generator 

The fire pattern generator is logic within each printhead IC used to generate the fire pattern and the select 
shift pattern. The fire partem generator must be initialized by the SoPEC device before a page can be 
printed. The SoPEC uses the CPU direct IO control of the printhead pins to download the initialization 
parameters and generate the initialization sequence. 
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32.9 Implementation 

32.9.1 Definitions of I/O 



Table 163. Prlnthead Interface I/O definition 











Clocks and Resets 


pdk 




(n 


System Clock 


phicik 




In 


Printhead interface clock (dodk/3) used to transfer data from pdk to 
dodk domains 


docik 




In 


Data out dock (2x pdk) used to transfer data to printhead 


prst_n 




In 


System reset, synchronous active low. Synchronous to pdk 


phirst_n 




In 


System reset, synchronous active low. Synchronous to phidk 


dorst_n 




In 


System reset, synchronous active low. Synchronous to dodk 


General 


phijcu_print_rdy 




Out 


Indicates that the first line of data is transferred to the printhead 
Active high. 


pNJcu_page_finish 




Out 


Indicates that data for a complete page has transferred. Active high 


phijcujunderrun 




Out 


Indicates the PHI has detected a buffer underrun. Active high 


phi_icujinesync_jnt 




Out 


Indicates the PHI has detected UneSynctntemtpt number of line 
syncs. 


Debug 


debug_data_outf2.*0] 


3 


In 


Output debug data to be muxed on to the PHI pins 


debug_cntri[2:0) 


3 


In 


Control signal for each PHI bound debug data line Indicating 
whether or not the debug data should be selected by the pin mux 


LLU Interface 


lluj)hLdata{1:0][5:0l 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active In flu_phi_avaUbus 


phijlu_ready!1:0] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 * Even dot data stream 

1 - Odd dot data stream 


Uu^phLavailJI :0] I 


2 


Out 


Indicates valid data present on corresponding !lu _phi_data. 

0 - Even dot data stream 

1 - Odd dot data stream 


Prlnthead Interface 


phi_ph_data J(1 :0][1 .-0] 


2x2 


In 


Dot data input from printhead. 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phLph_data_ot1 :0J[1 :0] 


2x2 


Out 


Dot data output to printhead. Each bus to each printhead contains 2 
bits of data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


Phi _ph_data_e[1 :0][1 :0] 


2x2 


Out 


Dot data direction control. Pin is driving when high 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi_srclkf1:01 


2 


Out 


Dot data shift clock used to clock in printhead data 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 
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Table 163. Prlnthead Interface I/O definition 











phLreadi 


i 


Out 


Common prlnthead mode control. Used In conjunction with 
pfiUsynd to determine the prlnthead mode 

0 - SoPEC receiving, prlnthead driving 

1 - SoPEC driving, printhead receiving 


phLfrclk 


1 


Out 


Common Rre pattern dock needs to toggle once per fire cyde 


phLprofiie 


1 


Out 


Common pulse profile for all colors 


phj_lsynd_o 


i 


Out 


Capture dot data for next print line, output mode 


phijsynd_e 


1 


In 


phijsynd output enable, when high phijsynct pin is driving 


phUsyndJ 


1 


In 


Line Sync Pulse from Master SoPEC 


PCU Interface 


pcu_phl_sel 


1 


In 

i 


Block select from the PCU. When pcu _phl_set is high both pcu^adr 
and pcu_dataout are valid. 


pcu_rwn 


1 




Common read/not-write signal from the PCU. 


pcu_adr[7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout(31:0I 


32 


In 


Shared write data bus from the PCU. 


phi_pcu_rdy 


1 


Out I 


Ready signal to the PCU. When phi_pcu_nfy\s high it indicates the 
last cyde of the access. For a write cyde this means pcu_dataout 
has been registered by the Week and for a read cycle thls~means 
the data on phi _pcu_data is valid. 


phi_pcu_data{31:0J 


32 


Out ; 


Read data bus to the PCU. 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



J& Nov 2002 
Page 514 



SoPEC : Hardware Design 



32.9.2 PHI sub-block partition 
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Figure 243. PHI block partition 



32.9.3 Configuration registers 
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The configuration registers in the PHI are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the PHL 
Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads and 
writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the PHL 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of phi_pcu_data. Table 164 lists the configuration registers in the PHI 



Table 164. PHI registers description 













Control Registers 




0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wf D cause a PHI block reset 




0x04 


Go 


1 


0x0 


Active high bit indicating the PHI is programmed 
and ready to use. A low to high transition will cause 
PHI block Internal state to reset. Will be automati- 
cafJy reset if a page finish or a buffer undenrun is 
detected. 




General Control 




0x08 


PageLenUne 


32 


0x0000 
_0000 


Specifies the number of dot lines in a page. 


1 


OxOc 


PrintStart 


1 


0x0 


A low to high transition triggers printing to start 
Only active In Master Mode 


1 


0x10-0x14 


DotMargln 


2x16 


0x0000 


Specifies for each printhead IC, the width of the 
margin in dots divided by 2. 

0 - Printhead fC Channel A 

1 - Printhead IC Channel B 


1 


0x18-0x2C 


DotCountt5:0] 


6x32 


0x0000 
_0000 


Indicates the number of Dots used for a particular 
color, where N specifies a color from 0 to 5. Value 
valid after a write access to DotCountSnap 


1 


0x30 


DotCountSnap 


1 


0x0 


Write access causes the AccumDotCount values to 
be transferred to the DotCount registers. The 
AccumDotCount are reset afterwards. 


1 


0x34 


PhiHeadSwap 


1 


0x0 


Controls which signals are connected to printhead 
channels A and B 

0 - Normal, specifies bit 0 is channel A, bit 1 Is 
channel B 

1 - Swapped, specifies bit 0 is channel B. bit 1 is 
channel A. 


1 


0x38 


PhiMode 


1 


0x0 


Indicates whether the PHI Is operating in master or 
slave mode 

0 - Slave Mode 

1 - Master Mode 


1 


0x3C-0x40 


PhiSerialOrder 


2x1 


0x0 


Specifies the serialization order of dots before 

transfer to the printhead. 

Bus 0 - Printhead Channel A 

Bus 1 - Printhead Channel B 

A 0 indicates order ABC, while 1 indicates CBA 
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Table 164. PHI registers description 







IP 

!f£taiL!i 


m&r 




0x44-0x48 


PrintHeadSize 


2x16 


0x0000 


Specifies the number of non-margin dots in the 

printhead ICs. If margining is to be used then the 

configured PrintHeadSize should be adjusted by the 

dot margin value i.e. PrintHeadSize = {Physical- 

PrintHeadSize - (DotMargin * 2)). 

Bus 0 - Specifies printhead on Channel A 

Bus 1 - Specifies printhead on Channel B 


CPU Direct PHI Control (See Table 1 61 .) 


0x4C 


PrintHeadCpuIn 


5 


0x00 


PHI interface pins input status. Only active in direct 
CPU mode 


0x50 


PrintHeadCpuDir 


5 


0x00 


PHI interlace pins direction control. Only active in 
direct CPU mode 


0x54 


PrintHeadCpuOut 


10 


0x000 


PHI interface pins output control. Only active In 
direct CPU mode 


0x58 


PrintHeadCpuCtrl 


1 


0x0 


Control direct access CPU access to the PHI pins 

0 - Normal Mode 

1 - Direct CPU Control mode 


Line Sync Control 


0x5C 


LsyncLow 


16 


0x0000 


Number of phidk cycles phi_tsynd should remain 
low. • 


0x60 


LsyncHfgh 


16 


0x0000 


Number of phidk cycles phf_fsyncJ should remain 
high. 


0x64 


LsyncPre 


16 


0x0000 


Number of phidk cycles between PrintStart rising 
transition and the generated phijsynd falling edge 


0x68 


LsyncMin Period 


24 


0x00_0 
000 


Minimum number of phidk cycles between Lsync 
pulses. Lsync pulses of a shorter period will be 
rejected. Only used in slave mode. 


0x6C 


LsyncOeglitcfiCnt | 


4 


0x3 


Number of phidk cycles to filter the incoming Lsync 
pulse from the master. Only used in slave mode. 


0x70 


UneSyncinterrupt 


16 


0x0000 


Number of fine syncs to occur before generating an 
Interrupt. When set to zero interrupt Is disabled. 


Shift Register Control 


0x74 


SrdkPre 


14 


0x0000 


Number of phidk cycles between phi^tsynd failing 
edge and phi_srdk pulse generation, or printhead 
data transfer 


0x78 


SrdkPost 


14 


0x0000 


Number of phidk cycles allowed margin from last 
srdk pulse in a line to before next line sync 


0x7C-0x80 


PrintHeadRate[1.*0J 


2x16 


OxFFFF 


Specifies the active to inactive ratio of phLsrdk for 
the printhead ICs. A 1 indicates Active. 
Bus 0 - Printhead IC channel A 
Bus 1 - Printhead IC channel B 


0x84 


DotOrderMode 


1 


0x0 


Specifies the dot transmit order to the printhead 
Channel A. Printhead Channel B is always the 
opposing order. 

0 - Even before Odd dots 

1 - Odd before Even dots 


Fire Control 


0x68 


Profile Pre 


14 


0x0000 


Number of phidk cydes phi_isynd falling edge and 
phi^profiie pulse generation 
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Table 164. PHI registers description 



mm 








0x8C 


ProfileLow 


14 


0x0000 


Number of phidk cycles phLprafite should remain 
low. 


0x90 


ProffleHJgh 


14 


0x0000 


Number of phidk cycles phi^profife should remain 
high. 


0x94 


ProfileNum 


16 


0x0000 


Number of profile pulses per Dne time. 


0x98 


FrclkPre 


14 


0x0000 


Number of phidk cycles phtisynd falling edge and 
phLfrdk pulse generation 


0x9C 


FrctkLow 


14 


0x0000 


Number of phidk cycles phhfrdk should remain 
low. 


OxAO 


FrcikHfgh 


14 


0x0000 * 


Number of phidk cydes phLfrdk should remain 
high. 


0xA4 


FrdkNum 


16 


0x0000 


Number of phLfrdk pulses per line time. 


Working Reg 


sters 


0xA8-0xAC 


UneDotCnt 


2x16 


0x0000 


Indicates the number of dot processed in the cur- 
rent line 

Bus 0 - Printhead Channel A 
Bus 1 - Printhead Channel B 
(Read Only Registers) 


OxBO 


UneCnt 


32 


0x0000 
_0000 


Indicates the number of lines processed in this page 
(Read Only Register) 



The configuration registers in the PHI block are clocked at pclk rates but several blocks in the PHI are 
clocked by different and asynchronous clocks. Configuration values are not re-synchronized, it is therefore 
important that the Go register be set to zero while updating configuration values. This prevents logic from 
entering unknown states due to metastable clock domain transfers. 

Some registers can be written to at any time such as the direct CPU control registers (PrintHeadCpuIn, 
PrintHeadCpuDir, PrintHeadCpuOut and PrintHeadCpuCtrl), the Go register and the PrintStart register. 
All registers can be read from at any time. 

When one of the direct CPU control registers are written to the configuration registers block generates a 2 
cycle pulse (cpu_io_wr) which is used to transfer the pin control signals from the pclk domain to the phiclk 
domain. The cpu_io_wr signal is a delayed version of the write enable from the CPU. 



32.9.4 Dot counter 



The dot counter keeps a running count of the number of dots fired for each color plane. The counters are 
32 bits wide and will saturate. When the CPU wants to read the dot count for a particular color plane it 
must write to the DotCountSnap register. This causes all 6 running counter values to be transferred to the 
DotCount registers in the configuration registers block. The running counter values are reset * 
// reset if being snapped 
if (dot_cnt__snap == 1) then{ 

dot_count (5:0) « «ccum_dot_count t5 : 0] 

accum_<2ot_count [5:0] = 0 

) 

// update the counts 

for <color=0; color < 6; color* +) { 

if < accum_dot_count [color] != 0xfff£_ffff) { 
// data valid, first dot stream 

data_valid = ( <phi_l lu_ ready I 0 J == 1) AND (llu_phi_avail (0) == 1)) 
if <<data_valid == 1) and (llu_phi_data [0] [color] == 1)) then 
accun\_dot_count (color] 
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// data valid, second dot stream 

data_valid = { <phi_llu_ready [1] *= i) and (llu_j)hi_avail [1] == 
if <<data_valid == 1) AND <llu_phi_data (1] (color] == 1)) then 
accum_dot_count [color] ♦+ 

> 



1) ) 



32.9.5 Sync generator 



The sync generator logic has two modes of operation, master and slave mode. In master mode (configured 
by the PhiMode register) it generates the Isyncl^o output based on configured values and control triggers 
from the PHI controller. In slave mode it de-glitches the incoming IsynclJ signal, and filters the Isyncl sig- 
nal with the minimum configured period. 



<Z N tsyncLo - \ 

Reset \ 



Machine remains in same state by default 
Ait outputs are zero untess otherwise stated 
State Description: 



aync ANP 
count m t$ync_pro 



m~l AND 



teyncLo- 1 



count— Q ANO last faa-sfl 



count « tsyncjow 



11 



^SyncWait^- 



oountW) 
count > 
lne_pt 



count t»p 



tsvnc outae — 
count -t 



teync_rron_p<wiod 



SyncLow ^ bynd.o-o ^ ^yncPeriod^ 



Reset 
, SyncPre: 
SyncLow: 

SyncMigh: 

SyncWatt 
SyncPenod: 



Normal reset state 

Count the LsyncPre number of clock cycles 

Count the LsyncLow number of dock 
cycles 

Count the LsyncHtgh number of clock 
cycles 

Wait for an input Isync pulse 

Count the LsyncMinperiod number of dock 
cycles 



count * teync_high 



count m iayTC_rTun_penod 



Isvnc pujafl — 1 AND courrt-O 



byncf.o- 1 



To Reset Stato 



count«=o and iaa fr^ =_i 



Figure 244. Sync generator state diagram 

After reset or a pulse on phi_go_pulse the machine returns to the Reset state, regardless of what state it's 
currently in. 

The state machine waits until it's enabled (sync_en=l) by the PHI controller state machine. When 
enabled it can proceed to the SyncPre or Sync Wait depending on whether the state machine is configured 
in master or slave mode. In master mode it generates the Isyncl pulses, in slave mode it receives and filters 
the Isyncl pulses from the master sync generator. 

On transition to the SyncPre state a counter is loaded with the LsyncPre value, and while in the SyncPre 
the counter is decremented. When the count is zero the machine proceeds to the SyncLow state pulsing the 
line_st signal on transition and loading the counter with LsyncLow value. This indicates to the PHI con- 
troller the line start aligned to the Isyncl negative edge. 
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The machine waits in the SyncLow state until the counter has decremented to zero. It proceeds to the Syn- 
cHigh state and counts LsyncHigh number of cycles. While in LsyncLow state the \syncl_o output is set to 
0 and in SyncHigh the Isyncljo output is set to 1 . 

When the count is zero and the current line is not the last {lastjine = 0), the machine returns to the Syn- 
cLow state to begin generating a new line sync pulse. The transition pulses the line _jt signal to the PHI 
controller. 

The loop is repeated until the current line is the last (lastjine «=1), and the machine returns to the Reset 
state to wait for the next page start 

In slave mode the state machine proceeds to the SyncWait state when enabled. It waits in this state until a 
lsync_pulse is received from the input de-glitch circuit. When a pulse is detected the machine jumps to the 
SyncPeriod state and begins counting down the LsyncMinPeriod number of clock cycles before returning 
to the SyncWait state. On transition from the SyncWait to the SyncPeriod state the linejst signal to the PHI 
controller is pulsed to indicate the line start. While in the SyncPeriod state if a Isync^pulse is detected the 
state machine will signal a sync error (via sync_err) to the PHI controller and cause a buffer underrun 
interrupt. 

32. 9.5. 1 Lsyncl input de-gfitch 

The IsyncJ input is considered an asynchronous input to the PHI, and is passed through a synchronizer to 
reduce the possibility of metastable states occurring before being passed to the de-glitch logic. 

The input de-glitch logic rejects input states of duration less than the configured number of clock cycles 
(lsync_deglitch_cnt), input states of greater duration are reflected on the output, and are negative edge 
detected to produce the Isync^pulse signal to the main generator state machine. The counter logic is given 
by 

if ( lsync_i ■ = lsync_i_delay) then 

cnt = laync_deglitch_cnt 

oucput_en = 0 
elsif (cnt =» 0 ) then 

cnt = cnt 

output_en = 1 
else 

cnt 

output_en = 0 



IsyncJ • 



synchonfzer 



IsyncJ.dolay 



Counter 
Logic 



teync_deg8tch_cnt . 



K cnt 

r 



Compare 

— z — 



Pulse 
Generator 



_output_en 



lsync_puis© 



Figure 245. Une sync de-glitch RTL diagram 



32. 9. 5. 2 Line Sync interrupt logic 



The line sync interrupt logic counts the number of line syncs that occur (either internally or externally gen- 
erated line syncs) and determines whether to generate an interrupt or not. The number of line syncs it 
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counts before an interrupt is generated is configured by the LineSyncInterrupt register. The interrupt is dis- 
abled if LineSyncInterrupt is set to zero. 
/ / implement the interrupt counter 
if (phi_go_pulae ==1) then 

line_ count = 0 
elsif <line_st == 1) AND (line_count == 0)) then 

line_count = linecount_int 
elsif ((line_st == 1) AND (Iine_count != 0)) then 

line_count — 
/ / determine when to pulse the interrupt 
if <linesync_int == 0 ) then // interrupt disabled 

phi_icu_linesync_int - 0; 
elsif ((line_st == 1) AND (line_count == 1)) then 

phi_icu_linesync_int = 1 

32.9.6 Fire generator 

The fire generator block creates the signal profile for the phijrclk and phi^profile signals to the printhead. 
The profile is based on configured values and is timed in relation to the fire _sync pulse from the PHI con- 
troller blocle 

Bgsgt QRphl no nuhft^i 



count v (rcflc_jwB 



RrePre"^ 



pNJrck-O 



1 count -licJK.high 
r f6pMt_courrt ■ bctKjnum 



pfn_frcfK ■ 1 



count— q 
repeat _count- 



pM_fnc*-0 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

RrePre: Count the FrdkPre number of dock cycles, 
repeat count set to FrdkNum 

RreHigh: Count the FrdkHIgh number of dock cydes 

Fire Low: Count the RdkLow number of clock cydes 



CPUnt—OAND 

repeat count =■* 0 



Figure 246. Fire generator state diagram 

The fire generator consists of 2 identical state machines for creating the phi Jrclk and phi_profile signals 
respectively. 

The machine is reset to the Reset state when phi_go _pulse —1 or the reset is active, regardless of the cur- 
rent state. 

The machine waits in the reset state until it receives a fire_st pulse from the PHI controller. The controller 
will generate afire_st pulse at the beginning of each dot line. On the state transition the cycle counter is 
loaded with the FrdkPre value and the repeat counter is loaded with the FrdkNum value. 
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The state machine waits in the Fire Pre state until the cycle counter is zero, after which it jumps to the Fire- 
High state and loads the cycle counter with FrclkHigh value. Again the state machine waits until the count 
is zero and then proceeds to the FireLow state. On transition the cycle counter is loaded with the FireLow 
value. The state machine waits in the FireLow state while the cycle counter is decremented. 

When the cycle counter reaches zero and the repeatjcount is non-zero, the repeat_count is decremented, 
the cycle counter is loaded with the FrclkHigh value and the state machine jumps to the FireHigh state to 
repeat the phijrclk generation cycle. The loop is repeated until the repeat jzount is zero. In such cases the 
state machine goes to the reset state and waits for the next fire_st pulse. 

When in the Reset state thcfire^rdy signal is active to indicate to the controller that the fire generator is 
ready. 



The PHI controller is responsible for controlling all functions of the PHI block on a line by line basis. It 
controls and synchronizes the sync generator, the fire generator, and datapath unit, as well as signalling 



32.9.7 



PHI controller 
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back to the CPU the PHI status. It also contains a line counter to determine when a full page has completed 
printing. 

Reset OR d^I 90 pufstoi 

\ 

— — * Q Reset — — 



c 



phi cq=i 

»lne_count *page_ten_Bne 



FirstLine 



> 



fine gt°°i and 
data finM 



data fiffc=1 
line_count - 



^ Printstart^ prinOdy«=1 



Print Blurt *=^\ 



lira count * page ten lino 
Gne_coimt- 



^ ^SyroWaT) 



data_st = 1 
tirejst = 1 
sync_sl = 1 



* — -^LineTrans 



data BnJa3 — 



filfl. 



fdy 

pagejinish =1 



date fin ma 1 ANin 

[jrra count °= 1 

Bne__couM- 
^ LastLine ^ 



sync_on =1 



UnderrurT^ undernjn_error «1 



lastjlne =1 
sync_en =1 



Figure 247. PHI controller state machine 

The PHI controller state machine is reset to Reset state by a reset or phi _go _jndse = 1. 

It will remain in reset until the block is enabled by phi^o = 1 . Once enabled the state machine will jump 
to the FirstLine state, trigger the transfer of one line of data to the printhead {data st = 1) and the line 
counter will be initialized to the page length (PageLenUne). Once the line is transferred (data Jin from the 
datapath unit) the machine will go to Printstart state and signal the CPU using an interrupt that the PHI is 
ready to begin printing (phi_icujjrint_rdy). The line counter will also be decremented. It will then wait in 
the Printstart state until the CPU acknowledges the print ready signal and enables printing by writing to 
the PrintStart register. 

The state machine proceeds to the SyncWait state and waits for a line start condition (line _jst =1). The line 
start condition is different depending on whether the PHI is configured as being in a master or slave 
SoPEC (the PhiMode register). In either case the sync generator determines the correct line start source 
and signals the PHI controller via the line_st signal. Once received the machine proceeds to the LineTrans 
state, with the transition triggering the fire generator to start (fire^st), the datapath unit to start (data^st) 
and the sync generator to start (sync_st). 
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While in the LineTrans state the fire, sync and datapath unit will be producing line data. When finished 
processing a line the datapath unit will assert the line finished (line Jin) signal. If the line counter is not 
equal to 1 (i.e. not the last line) the state machine will jump back to the SyncWait state and wait for the start 
condition for the next line. The line counter will be decremented If the line counter is one then the 
machine will proceed to the LastLine state. 

The LastLine state generates one more line of fire pulses to print the last line held in the shift registers of 
the printhead Once complete (fire Jin =1) the state machine returns to the reset state and waits for the 
next page of data. On page completion the state machine generates a phijcu _page Jinish interrupt to sig- 
nal to the CPU that the page has completed, the phijcu^page Jinish will also cause the Go register to reset 
automatically. 

While the state machine is in the LineTrans state (or in FirstLine state and the PHI is in slave mode) and 
waiting for the datapath unit to complete line processing, it is possible (e.g. an excessive PEP stall) that a 
new line start condition occurs but the datapath unit is not ready. In this case an underrun error is gener- 
ated. The state machine goes to the Underrun state and generates a phijcujunderrun interrupt to the 
CPU. The PPn cannot recover from a buffer underrun error, the CPU must reset the PEP blocks and re- 
start printing. The phijcujunderrun will also cause the Go register to reset automatically. 

32.9.8 CPU IO control 

The CPU IO control block is responsible for accepting CPU direct 10 control signals from the configura- 
tion registers (atpclk frequency) and transferring them to phiclk frequency. It also accepts the input signals 
from the printhead and re-synchronizes them to the pclk domain, and debug signals from the RDU and 
muxes them to output pins. 

Table 161 contains the direct mapping of configuration registers to printhead IO pins. Direct CPU control 
is enabled only when PrintHeadCpuCtrl is set to one. In normal operation (i.e. PrintHeadCpuCtrl = 0) 
the printhead data pins are always in output mode (phi_ph_data_e = 1), the phijsyncl will be in output if 
the SoPEC is the master, i.e. phijsyncl__e = phi^jnode, and read! will be set high. 

The pseudocode for the CPU IO control is: 

if (printhead_cpu_ctrl « i) then // CPU access enabled 
// outputs 

phi_jph__data_o[0] {1:03 - printhead_cpu_out (1 : 0] 
phi _ph_da ta_o [ 1 ] ( 1 : 0 3 = pr inthead_cpu_out [3:2] 
phi_lsyncl_o « printhead_cpu_out (4) 

phi_readl = printhead_cpu_out ( 5 ] 

phi_srclk(l :0] « printhead_cpu_out (7 : 6] 

phi^frclk « printhead_cpu_out(8] 

phi_profile = printhead_cpu_out [9] 

// direction control 

phi_ph_data_e[0) (1:03 • print head_cpu_dir (1 : 0] 
phi_ph_data_e[l] tl:0J = printheadLcpu_dir (3 : 2 1 
phi_lsyncl_e « printhead_cpu_dir [4) 

// input assignments 

printhead_cpu_in [1:0] « synchronize ( phi_ph_data_i 1 0 ) (1:03) 
printhead_cpu_in [3:2] = synchronize (phi_ph_data_i [ 1 ] [ 1 : 0} ) 
printhead__cpu_in[5] = synchronize <phi_lsyncl_i[ 0) [1 : 0] ) 
else // normal connections 
// outputs 

phil_ph_data_o(0] [1:0] = ph_data [0] [1 :0] 
phi_ph_data_o[l] (1:03 « ph_data (1) (1 :0] 
phi_lsyncl_o = lsync_o 

phi_readl = 1 

phi_srclk[l:0] « srclk[l:0] 

Phi_frclk e frclk 

phi_profile = profile 

// direction control 
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// 
if 



if 



if 



phi_ph_data_e [OJ [1:0] = 
phi_ph_data_e [ 1 ]£ 1 : 0 ] = 
phi_lsyncl_e 
// inputs 

lsyncl_i = 

debug overrides 

(debug_cntrl [0] 
phi_frclk 
phi_readl 

(debug_cntrl{l] 
phi_prof ile 

(debug_cntri[2j 
phi_lsyncl_o 
phi_lsyncl_e 



0x3 
0x3 

phi_mode 



■ phi_lsync_i // 
any other connections 
== 1) then 

= debug_data_out [03 
= pclk 
== 1) then 

= debug_data_out[l] 
== 1) then 

= debug_data_out 12) 
= 1 



depends on Master or Slave mode 
connected regardless 



The debug signalling is controlled by the RDU block (see Section 1 1.8 Realtime Debug Unit (RDU)), the 
IO control in the PHI muxes debug data onto the PHI pins based on the control signals from the RDU. 
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32.9.9 Datapath Unit 



dot_onter_rnode 



prfni_head_aize(0] 



pdrrt_h«acL»i2e(1> 



phead_swap 




print_hea0jree(O] 
data_st 

prim_heari_ral€(03 
dot_ma/gin(OJ 



pfOeriaLoaJer[OJ 
phead_*wap 



J pdk domain (160 Mhz) 



'i dodk domain (320 Mhz) 



i pWdk domain (106 Mhz) 



Figure 248. Datapath Unit partition 
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J3 



32.9.10 Dot order controller 

Reset Oft oht oo ouis»=i 



< 



Reset 



c 



J 



dot_order_fdy =1 



data st«==l 
dot_cnt_rst « i 



UneStart 



3 



mode_$el => dot_order_mode 



Q9n_enr0] = ~(mki _pt(0]) 



9en_en[1 



mid otf 1:0^=11 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

Linestart: Start processing first part of the line, wait for 
both mid_pt to be active 

UneMid: Switch over wait state allow pipeline to clear 

LineEnd: Line end processing wait for both Rnejin to be 
active ' 



C" ~ . "% mode_se! 
UneMid ) gen_enroj 
y gen_enjl| 



mode_sel « dot_order mode 
gen_enJ0J « 0 
gen_en(l|«0 



line ficOE 



ir Q UneEnd ^ 



modo_sel « -(<tot_order mods) 
gen_en[0j = '"g-^^J 



0en_en[1]« 



Figure 249. Dot Order controller state diagram 



The dot order controller is responsible for controlling the dot order blocks. It monitors the status of each 
block and determines the switch over point, at which the connections from odd and even dot streams to 
printhead channels are swapped. 

The machine is reset to the Reset state when phi_go_pulse = 1 or the reset is active. The machine will 
wait until it receives a data_st pulse from the PHI controller before proceeding to the UneStart state. On 
the transition to the UneStart state it will reset the dot counter in each dot order block via the dotjont rst 
signal. 

While in the LineStart state both dot order blocks are enabled (gen_en=l). The dot order blocks process 
data until each of them reach their mid point. The mid point of a line is defined by the configured printhead 
size (i.e. print_head_size). When a dot order block reaches the mid point it immediately stops processing 
and waits for the remaining dot order block. When both dot order blocks are at the mid point (mid_j?t = 
1 1) the controller clocks through the UneMid state to allow the pipeline to empty and immediately goes to 
UneEnd state. 

In the LineEnd state the modejsel is switched and the dot order blocks re-enabled, in this state the dot 
order blocks are reading data from the opposite LLU dot data stream as in UneStart state. The controller 
remains in the LineEnd state until both dot order blocks have processed a line i.e. line Jin =11. 

On completion of both blocks the controller returns to the Reset state and again awaits the next data_st 
pulse from the PHI controller. When in Reset state the machine signals the PHI controller that it's ready to 
begin processing dot data via the dot_prder_rdy signal. 
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The dot order controller selects which dot streams should feed which printhead channels. The order can be 
changed by configuring the DotOrderMode register. In all cases Channel A and Channel B must be in 
opposing dot order modes. Table 158 shows the possible modes of operation. 



Table 165. Mode selection In Dot order controller. 





HPS!! 


SIBBIS 




A 


0 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, first half line. 




0 


1 


Odd before Even <OBE mode), odd dot stream feeds 
Channel A printhead, first half line. 




1 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, second half line. 




1 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead. second half line. 


6 


0 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, second half line 




0 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, second half line. 




1 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, first half line. 




1 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, first half line. 



32.9. 10. 1 Dot order unit 

The dot order control accepts dot data from either dot stream from the LLU and writes the dot data into the 
dot buffer. It has two modes of operation, odd before even (OBE) and even before odd (EBO). In the OBE 
mode data from the odd stream dot data is accepted first then even, in EBO mode it's vice versa. The mode 
is configurable by the DotOrderMode register. 

The dot order unit maintains a dot count that is decremented each time a new dot is received from the 
LLU. The dot order controller resets the dot counter to the printjieadj$ize[15:0] at the start of a new line 
via the dot_cnt_rst signal. The dot count is compared with the printhead size (printjtead jsize[15:0J 
divided by 2) to determine the mid point (mid^pt) and the line finish point (line Jin) when the dot counter 
is zero. 

The mid point is defined as the half the number of dots in a particular printhead, and is given by the 
print _head_size bus. 
// define the mid point 

if <dot_cntU5:0] =» print_head_size(15 : 1) )then 

mid_pt = 1 
else 

mid __pt = 0 

The dot order unit logic maintains the dot data write pointer. Each time a new dot is written to the dot 
buffer the write pointer is incremented. The fill level of the dot buffer is determined by comparing the read 
and write pointers. The fill level is used to determine when to backpressure the LLU (ready signal) due to 
the dot buffer filling. A suitable threshold value is determined to allow for the full LLU pipeline to empty 
into the dot buffer. 

The dot order stalling control is given by: 

// determine the ready/avail signal to use, based on mode select 
if (mode_sel == 1) then 

dot_active = llu_phi_avail [0] AND ready 

wr_data = llu_phi_data [0] 
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else 

dot_active = llu_phi_avail[l) AND ready 

wr_data = llu_phi_data[l] 
// update the counters 
if <dot_active == 1) then £ 

wr_en = l 

wr_adr + + 

if (dot_cnt == 0) then 
| dot_cnt c print_head_size 

else 

dot_cnt — 

) 

The dot writer needs to determine when to stall the LLU dot data stream. A number of factors could stall 
the dot stream in the LLU such as buffer filling, waiting for the mid point, waiting for the line finish or the 
dot order controller is waiting for the line start condition from the PHI controller. 

The stall logic is given by: 

// determine when to stall the LLU generator 
f ill_level = wr_adr - rd_adr 

if (fill_level > (32 - THRESHOLD ))then // THRESHOLD is open value TBD 

ready =0 // buffer is close to full 

elsif ( gen_en == 0) then 

ready =0 // stalled by the datapath controller 

else 

ready =1 // everything good no stall 
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32.9.10.2 Data generator 

BsssL 

» ^ Reset ^ 



^ 



couoggfl 
count - 



count • »reflt_prB_toad 



f ^SrclkPreJ 




Machine remains in same state by default 
AN outputs are zero unless otherwise stated 
State Description: 
Reset: Normal reset state 
SrclkPre: Count the SrclkPre number of clock cycles 
DataGen: Read Une Dot data from buffer 
MarginGen: Generate DotMargin number of dots 
SrctkPost: Wait tor SrclkPost number of cycles 



Figure 250. Data generator state diagram 

The data generator block reads data from the dot buffer and feeds dot data to the printhcad at a configured 
rate (set by the PrintheodRote). It also generates the margin zero data and aligns the dot data generation to 
the synchronization pulse from the PHI controller 

The data generator controller waits in Reset state until it receives a line start pulse from the PHI controller 
(data__st signal). Once a start pulse is received it proceeds to the SrclkPre state loading a counter with the 
SrclkPre value. While in this state it decrements the counter No data is read or output at this stage. When 
the count is zero the machine proceeds to the DataGen state. 

On transition it loads the counter with the printhead size (printjtead_size). If margining is to be used then 
the configured printjheadjsize should be adjusted by the dot margin value i.e. print Jiead_size = 
(physical_j}rintjiead_size - (dot_margin * 2)). 

While in DataGen state data is read from the dot buffer and output to the printhead. The counter will dec- 
rement for every dot data word transferred. The exact rate is dictated by the dot buffer fill levels and the 
configured printhead rate {PrintheadRate). 

The generator determines the rate by incrementing a rate counter (rate_cnt) while in the DataGen state. 
The rate counter is allowed to wrap normally. If the bit selected by the rate_cnt in the printjtead_rate bus 
is one data is transferred, otherwise the cycle is skipped. If the PrintHeadRate is set to all zeros then no 
data will ever get transferred The pseudo-code for the DataGen state is given by: 
// increment the rate count 
rate_cnt «-+ 

// determine if data should be read 
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// first determine if data is available in buffer 
if (rdLadr != wr_adr ) then 

if (print_head_rate[rate_cnt) == l ) then 
dot_active = 1 
= 1 



rd__data 



gate_srcl)c 
rdLadr +♦ 
dot_data 
count — 
else 

dot_active = 0 
gate_srclk » 0 

else 

do tractive = 0 
gate_srclk e o 

When the counter reaches zero the state machine will jump to the MarginGen state if the configured mar- 
gin value is non-zero, otherwise it will jump directly to the SrclkPost state. On transition to MarginGen 
state it loads the cycle counter with the dot_margin value, and begins to count down. While in the Margin- 
Gen state the data generator logic block writes dot data to the printhead but does not read from the dot 
buffers. It creates zero dot data words for the margin duration. 

When the counter reaches zero the machine jumps to the SrclkPost state, loads the clock counter with the 
SrclkPost value and decrements. When the count is finished the state machine returns to the Reset and 
awaits the next start pulse. Should a line sync arrive before the data generators have completed (data Jin 
signal) the PHI controller will detect a print error and stall the PHI interface. 



32.9.10.3 Data serializer 



The data serializer block converts 6-bit dot data at phiclk rates (nominally 1 06 MHz) to 2-bit data at doclk 
rates (nominally 320 MHz). 



phiclk 



doclk 



dot_data[5:0} 


. Invalid 




VaKd[5:0J X Valrd[5:0J 


¥ Invalid . 


X 




ph_data(1."0l 


1 * 




X 1=0 X 32 K 5 :4 * 1:0 X 3* 




t 




mux_sel 


2 I 0 X 1 


X 2 




mm 


X 



gate_srcfk 
gate_srdk_del 
srclk 



f 



u~i_rTJ~L_n_rL_r 

Figure 251. Data serializer timing 



The srclk is only active when data is available for transfer to the printhead, as enabled by the gate_jsrclk 
signal. The data rate mechanism in the data generator block will mean that data is not transferred to the 
printhead on every phiclk cycle. Both the dotjiata and gatejsrclk signals are clocked out by the phiclk and 
can only change on the rising of phiclk. 
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The data serializer block allows easy separation of clock gating and clock to logic structures from the rest 
of the PHI interface. All registers in the block are clocked at doclk rates. 



phead.swap 
dot_data[0][5:0] . 

dot_data(1H5:0] • 



phead.swap- 
gate_srcik(0) - 

9ate_srdkf1] - 
doclk ■ 



pMdk »> Mux Logic * 



dot.<lata(l:0] 



doidataf3:2] ^ 



dot_dataf5:4t ^ 



-3^ — M 



mux sel 



ffate,sfdk del 



ph.data(1:0J 



3? 



. srcflt 



Figure 252. Data serializer RTL Diagram 

The mux logic determines which data bits from the dotjiata bus should be selected for output on the 
ph_data to the printhead. The selection is dependent on the phiclk edge, 
if (phiclk »= 1) then 

mux. sel - 1 
elsif < mux^sel == 2 ) then 

mux_8el = 0 
else 

mux_sel++ 

The dot data serialization order can be configured by PhiSerialOrder register. If the PhiSerialOrder is zero 
the order is dotfLOJ, then dot[3:2] then dot[5:4]. If the register is one then the order is dot[5:4] t dot[3:2J t 
dot[l:OJ. 
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Package and Test 
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J3 



33 Test Units 



33.1 JTAG INTERFACE 



A standard JTAG (Joint Test Action Group) Interface is included in SoPEC for Bonding and IO testing 
purposes. The JTAG port will provide access to all internal BIST (Built In Self Test) structures. 



33.2 Scan Test I/O 



The SoPEC device will require several test IO's for running scan tests. In general scan in and scan out pins 
will be multiplexed with functional pins. 

33.3 . Analog Test Units 

! 

33.3.1 USB PHY Testing 

The USB phy analog macro, will contain built-in in test structure, which can be access by either the CPU 
or through the JTAG port 

33.3.2 Embedded PLL Testing 

The embedded clock generator PLL will require test access from JTAG port. 
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34 SoPEC Pinning and Package 



34.1 Overview 



It is intended that the SoPEC package be a 100 pin LQFR Any spare pins in the package may be used by 
increasing the number of available GPIO pins or adding extra power and ground pin. The pin list shows the 
minimum pin requirement for the SoPEC device. 

Table 16S. SoPEC Pin Ust 



Clocks and resets 



xtalin 


1 


I 


TBO 


N/A 


xtalin 


Crystal Input pin 


xtalout 


i 


O 


TBD 


N/A 


xtalout 


Crystal output pin 


reset_n 


1 




LVI IL 


2.5V 


reset_n 


Asynchronous active low reset 


Printhead Interfax 








ph_data[0J[0] 


2 


o 


LVDS 


3.3v 


phLph,data_o[0][01 


Oct data tor colors 0-2 tor Printhead 0. 
Using differential signalling 






1 


LVTTL 


3.3v 


phi-Ph-.data.lO] 


Input mode bit used for nozzfe test 
result printhead 0 


ph_data[0][l] 


2 


o 


LVDS 


3.3v 


phi_ph_data_o[01I1J 


Dot data for colors 3-5 for Printhead 0. 
Using differential signalling 






1 


LVTTL 


3.3v 


phlph_dataj[l] 


Input mode bit used for temperature 
data printhead 0 


ph_dataf1][OJ 


2 


o 


LVDS 


3.3v 


phLph_data_o{1llO] 


Dot data tor colors 0-2 for Printhead 1. 
Using differential signalling 






1 


LVTTL 


3.3v 


phl_ph_dataj{1] 


Input mode bit used for nozzle test 
result printhead 1 


pti_data(tKl] 


2 


o 


LVDS 


3.3v 


phi_ph_data_o(1K1J 


Oct data tor colors 3-5 for Printhead 1. 
Using differential signalling 






1 


LVTTL 


3.3v 


phi_ph.data_?11 


Input mode bit used for temperature 
data printhead 1 


srcfkJO) 


2 


o 


LVDS 


3.3v 


phLsrdkfO] 


Differential dot data shift clock for prim 
headO 


srctkfl) 


2 


o 


LVDS 


3.3v 


phl_srclk{1] 


Differential dot data shift dock tor print 
head 1 


read! 


1 


o 


LVTTL 


3.3v 


phLreadl 


Common Print head mode control 


frdk 


1 


o 


LVTTL 


3.3v 


phLfrclk 


Common Fire pattern shfft clock, needs 
to toggle once per fire cycle 


profile 


1 


o 


LVTTL 


3-3v 


phLprofUe 


Common Pulse profile for an odors 


toyncf j 


1 


o 


LVTTL 


3.3v 


phUsynd_o 


Line Sync output from Master to Slaves 






1 


LVTTL 


3.3v 


phLlsyncJJ 


Line Sync input to Slaves from Master 


USB Connections 




usbd | 


2 


I/O 


Differen- 
tial 


3.3v 


Direct Phy Connection 


USB differential data 


JTAG 




tdo 


f 


o 


CMOS 


2.5v 


tdo 


JTAG Test data out port 


tms 


1 


1 


CMOS 


2.5v 


tms 


JTAG Test mode select 


tdl 


1 


1 


CMOS 


2.5v 


tdl 


JTAG Test data In port 


tck 


1 


1 


CMOS 


2.5v 


tck 


JTAG Test access port clock 


General Purpose IO 
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Table 166. SoPEC Pin List 



QPio(3:0J 


4 


O 


CMOS 


2.5v 


gpto_o[3:0) 


Motor control olns / annam i m imma 
iTiwwi Mtuvi pjju»# tfVi Hjiai purpose 

Output 






1 


CMOS 


2.5v 


gp»J(3:0] 


General purpose Input 


gpto[7:4I 


4 


O 


High 
Drrve 
CMOS 


2.5V 


gpio_o(7:4] 


LED driver oirts /neneral nnmn«A Oirt. 
put 






1 


CMOS 


2.5v 


gpioJ[7:4] 


General purpose Input 




4 


o 


Open col- 
lector 


2.5v 


gplo_o[11:8] 


LSS interface pins / general purpose 
Output 








CMOS 


2.5v 


gpk>_i[1 1 :8l 


LSS interface pins / general purpose 
Input 


gpio[13:12] 


2 


o 


CMOS 


2.5v 


gpio_o{13:12] 


ISI interface pins / general purpose 
Output 






1 


CMOS 


2.5v 


gpk>Jl13:12] 


ISI interface pins / general purpose 
Input 


Test Pins 








test_enable 


1 


1 


CMOS 


2.5v 


TBD 


Test Enable 


gene neatest 


5 


I/O 


CMOS 


2.5V 


TBD 


Generic test pin, function undefined 


Total Signal 
Pins 


45 
















Power Pins 




gnd 


18 f 


1 


Power 


N/A 


gnd 


gnd 


vdd 


10 




Power 


N/A 


vdd 


vdd i.5v. cons voltage 


vdd250 


3 


1 


Power 


N/A 


vdd250 


vdd 2.5v. IO voltage 


vdd330 


5 


1 


Power 


N/A 


vdd330 


vdd 3.3v,IO voltage 


Total Pins 


81 
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Memjet Printhead 
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35 Memjet Printhead 

This section is quoted verbatim from SoPEC/MoPEC Bilithic Printhead Reference document [10]. 

35.1 Background 

Silverbrook's bilithic Memjet™ printheads are the target printheads for printing systems which will be 
controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the their possible 
arrangements in the target systems. It also defines a set of terms used to differentiate between the types of 
printheads and the systems which use them. 

35.2 Companion Documents 

Currently, this document is only concerned with the structure of the printheads and their systems, with 
regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [2] for the complete description of the functionality of these 
devices. 

This document relies on certain definitions and details presented in Bilithic Printhead Specification [2]. 

35.3 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead systems. These 
terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead used in a system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with the printhead 

shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left or the right of 

where K + is at the top of the printhead). 

• Printhead Arrangement - Even though there are S printhead types, each arrangement has to use a spe- 

cific pairing of printheads, as discussed in Section 35.4. This gives 4 pairs of printheads. However, 
because the paper can flow in either direction with respect to the printheads, there are a total of eight 
possible arrangements, e.g. Arrangement 1 has a Type 0 printhead on the left with respect to the 
paper flow, and a Type 1 printhead on the right Arrangement 2 uses the same printhead pair as 
Arrangement 1 , but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encountered by the paper. 

• Dot 0 is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are presented, the print- 
heads always shoot ink down onto the page. 

Figure 253 shows the 8 different possible printhead types. Type 0 is identical to the Right Printhead pre- 
sented in Figure 3 in [2], and Type 1 is the same as the Left Printhead as defined in [2]. 
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While the printheads shown in Figure 253 look to be of equal width (having the same number of nozzles) it 
is important to remember that in a typical system, a pair of unequal sized printheads may be used. 
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Figure 253. Printhead Types 0 to 7 

Table 167 defines the printhead pairing and location of the each printhead type, with respect to the flow of 
paper, for the 8 possible arrangements 

Table 167. Definition of the different printhead arrangements 
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35.4 Biuthic Printhead Systems 



When using the bihthic printheads, the position of the power/gnd bars coupled with the physical footprint 
of the pnntheads mean that we must use a specific pairing of printheads together for printing on the same 
side of an A4 (or wider) page, e.g. we must always use a Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of printheads this docu- 
ment only presents two of them, Arrangement 1 and Arrangement 2, for purposes of illustration These 
two arrangements are discussed in subsequent sections of this document. However, the other 6 possibilities 
also need to be considered 

The main difference between the two printhead arrangements discussed in this document is the direction 
of the paper flow. Because of this, the dot data has to be loaded differently in Arrangement 1 compared to 
Arrangement 2, in order to render the page correctly. 



35.4.1 Example 1 : Printhead Arrangement 1 

Figure 254 shows an Arrangement 1 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is oh the right 
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Type 0 Printhead 



Type 1 Printhead 




The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 254. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 1 

Table 168 lists the order in which the dot data needs to be loaded into the above printhead system to 
ensure color O-dot 0 appears on the left side of the printed page. 



Table 168. Order in which the even and odd dots are loaded for printhead Arrangement 1 
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Figure 255 shows how the dot data is demultiplexed within the printheads. 
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Figure 255. Demultiplexing of data within the printheads in Arrangement 1 

Figure 256 and Figure 257 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 1 , to ensure that color O-dot 0 appears on the left side of the printed page. 
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Figure 256. Signalling for a Type 0 printhead in Arrangement 1 
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Rgure 257. Signalling for a Type 1 printhead in Arrangement 1 



35.4.2 Example 2: Printhead Arrangement 2 

Figure 258 shows an Arrangement 2 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 1 printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right 
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The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 258. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 2 

Table 169 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 



Table 169. Order in which the even and odd dots are loaded for printhead Arrangement 2 
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Figure 259 shows how the dot data is demultiplexed within the printheads. 
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Figure 259. Demultiplexing of data within the printheads in Arrangement 2 

Figure 260 and Figure 261 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 2, to ensure that color 0-dot 0 appears on the left side of the printed page. 

Data[0] 

SrCik nJTJTJHJTJnJlJTJTy^ 



Figure 260. Signalling for a Type 0 printhead in Arrangement 2 
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Figure 261. Signalling for a Type 1 printhead in Arrangement 2 

35.4.3 Conclusions 

Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 2, it can be seen 
that the color/dot sequence output for a printhead type in Arrangement 1 is the reverse of the sequence for 
same printhead in Arrangement 2 in terms of the order in which the color plane data is output, as well as 
whether even or odd data is output first. However, the order within a color plane remains the same, i.e. odd 
descending, even ascending. 

From Figure 262 and Table 1 70, it can be seen that the plane which has to be loaded first (i.e. even or odd) 
depends on the arrangement. Also, the order in which the dots have to be loaded (e.g. even ascending or 
descending etc.) is dependent on the arrangement 
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If the device controlling the printheads can re-order the bits according to the following criteria, then it 
should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in either ascending or descending order, independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead 



^» Arrangement 1 ^ 




v+ Arrangement 3 



±± 



Paper 



v* Arrangement 5 v* 

V 



Paper 



^» Arrangement 7 



1± 



Paper 



Arrangement 2 



Paper 



TT 



* F 

Arrangement 4 



Paper 

TT 



Arrangement 6 




i — V 

Figure 262. All 8 Printhead Arrangements 



Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 









Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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Table 170. Order in which even and odd dots and planes are loaded Into the various printhead 
arrangements 









Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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